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Microbial production of methane from alkaline sweet 
potato wastes was studied. Assessment of methane production 
potential was based on total COD of the wastes. A 
single-stage and a two-stage system were studied. In both 
systems, to ensure stable operation and high performance, 
methane fermenters had to be initially seeded with large 
quantities of methane formers. A 50% inoculum (based on 
total fermenter volume) was found to be most effective.
Methane formers tended to aggregate to form spherical
particles which had extremely high settling rates, this
eliminated the requirement of cell recycle. They obtained 
the nutrients required for their growth through lysis of 
acid-forming cells. Thus complete removal of acid-forming 
cells from the effluent leaving the first stage acid 
fermenter of a two-stage system resulted in failure of the 
second stage methane fermenter.
In both single-stage and two-stage systems the rates of 
gas production was sufficiently fast to induce thorough 
mixing of the fermenter contents. At low residence times of 
two and four days the two-stage system achieved
significantly higher conversions. Gas production started 
almost immediately after feeding the methane fermenter of 
the two-stage system. Therefore, in such systems energy can 
be stored conveniently in the form of liquid organic acids 
produced in the acid fermenter.
xviii
The conversions in the methane fermenter of a two-stage
system could be predicted by a model based on Contois'
kinetics. The kinetic constant K Y was obtained as 0.16.c
The composition of the gas produced in this fermenter could 
also be predicted from the distribution of the organic acids 
in the effluent from the acid fermenter.
The acid formation stage was studied in a chemostat 
operated at a fixed residence time of 5.5 hours. The 
inoculum source was mixed acid formers derived from ruminant 
fluid. The substrate was glucose in a simple salt media. 
The highest yield of 0.09 g protein/g glucose consumed was 




Pollution of the environment is a matter of great 
concern in our society today. The main source of water 
pollutants are the wastes discharged from industry. To 
avoid the pollution problem, treatment of these wastes is 
necessary before final discharge. The waste treatment 
processes usually are energy intensive. The energy 
shortage has instigated this investigation of new
treatment processes in which energy can be produced from 
wastes.
The food industry in the United States discharges
tremendous quantities of liquid wastes annually. Since 
these wastes contain considerable amounts of
carbohydrates, proteins, and lipids, it is possible to 
convert them to methane, a clean, intermediate BTU gas, 
through the process of anaerobic digestion. This process 
results in liquefaction of suspended solids and
significant decreases in COD and BOD of the waste streams, 
thus contributing to the overall waste treatment scheme.
One of the major contributions to the food wastes 
disposal problems is the canned fruit and vegetable 
industry. The main component of the waste from this 
industry is starch which is readily digestible by
anaerobic micro-organisms to produce methane as the final 
product.
Although anaerobic digestion has the advantage of
1
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having net positive energy requirement, it is not used 
widely in the food industry. The main reason is the 
process has not been thoroughly understood, thus its 
reliability and applicability are frequently questioned.
This research investigates the production of methane 
.by anaerobic digestion of the wastes from a sweet potato 
processing plant. The intermediate metabolic products are 
the volatile fatty acids and single-cell proteins which 
are valuable chemicals and feed supplements. Their 
production is also studied. However, the production of 
methane as the first step in the overall waste treatment 
scheme is the main concern of this work.
Chapter Two 
Sweet Potato Processing
2.1. The Potato Industry
The potato industry is among the largest segments of 
the fruit and vegetable industry in the United States. 
North Carolina grows about one-third of the nation's total 
sweet potato crop and ranks second behind Louisiana in 
processing (1). The statistics of production of raw sweet 
potatoes and canned potato products are given in Tables 
2-1 and 2-2 (2). It can be seen from these two tables 
that a large fraction of raw potato products is used for 
canning annually. The product yield in canning potato 
usually is 40-60%. Thus large quantities of wastes are 
expected from the canning industry. Average annual waste 
production in the sweet potato, white potato, and fruit 
and vegetable industries are given in Table 2-3 (3).
Since a description of the various unit operations in 
a sweet potato canning plant are essential for 
understanding water consumption and waste characteristics, 
these unit operations are discussed in the next section.
2.2. The Canning Process and Waste Characteristics
Potatoes are canned in several forms including whole,
diced, sliced, strips, and julienne. By far the largest 
fraction of the potatoes canned are whole potatoes of less 
than 3.8 cm in diameter (4).
The suitability of a variety for canning is more 
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Table 2-2. Statistics of Canned 
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Potato Products.










1979 87 Not Available
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Table 2-3. Average Annual Food Processing Wastes
Sweet Potato White Potato Total Industry
Raw Product 135 2180 2415
(x 1000 metric tons)
Waste water 10.8 14.2 13.4
(m3/kg)
BOD5 (g/kg) 49 23.5 15.5
Suspended
solids (g/kg) 19.5 26.5 7.5
Solid Residues Not 380 320
(g/kg) Available
7
chemical composition. Determination of the constituents 
of potatoes does not allow a sure prediction of the eating 
quality of the canned product (5).
The unit operations are described below in the order 
of movement through the canning process.
Receiving and unloading
Potatoes arrive at the plant in trucks that are
unloaded either by a front-end loader or a large vacuum 
apparatus.
Washing
The potatoes are conveyed through a reel washer to 
remove field dirt. Small potatoes are sized out and fall 
into flow-away water.
Preheating
The potatoes are then preheated for 2 to 3 minutes in
water at about 60° to 65°C.
Preheating results in enhancement of the lye peel
removal efficiency (6).
Peel removal
Prior to the peel removal operation, the potatoes are 
immersed in a boiling, 10 to 15-percent lye solution for 2 
to 7 minutes. This operation is designed to minimize the 
amount of peel removed thus minimizing the waste volume 
produced.
In the lye bath sodium hydroxide reacts with 
carbohydrates of the potatoes to form various degradation 
products which are then removed with the peels and
8
become part of the wastes. The contribution of these 
products to the total wastes is discussed later.
From the lye bath the potatoes move into a rotary 
washer where the softened peels are removed by water spray 
and the action of rollers.
Snipping
After the peels have been removed the potatoes are 
transferred to the snipping unit in which roots and 
strings are removed from potato ends.
Abrasive peelers
Sand-paper like, counter-rotating rollers are then 
used to smooth the surfaces of the potatoes.
Brush washer
Counter-rotating bristle rollers are used to impart a 
sheen to the surfaces of the potatoes.
Trimming
The potatoes then move to a trim table to be manually 
inspected for quality and for removal of products not 
suitable for canning.
Sizing
The potatoes move through a rotating drum having 
various sizes of openings. Potatoes of correct size are 
selected for canning and larger potatoes are transferred 
to the cutting and slicing operations.
Slicing




The potatoes are then moved to a grading belt to be 
checked for proper size and color.
Filling
The raw product is then moved to the filling section 
where the potatoes are racked into cans passing below the 
rotating circular filler having a series of openings 
around its outer edge.
Syruping
Canned sweet potatoes are packed in a syrup which is 
made of sugar and water heated to a temperature just below 
boiling.
Closing
A lid is automatically placed on each can and 
pressure is applied to seal the cans.
Retorts
The sealed cans are then moved into high-pressure 
steam retorts to be cooked.
Cooling
After cooling the cans are removed from the retorts 
and passed through a cooling canal.
Labels are then pasted on cans and the finished 
product is ready for storage and shipment.
Large quantities of water are used in a potato 
canning plant. Most of the wastes end up in the aqueous 
effluent. The waste water is characterized by high 
concentrations of suspended solids, COD, BODg, and
10
alkalinity.
Colston and Smallgood (6) studied the characteristics 
of waste water from a typical sweet potato canning plant. 
Their results show that the peeling operations, including 
the peel removal and abrasive peeling, contributes 75%,
67% and 68% to the total BOD, COD, and total solids, in
the final effluent, respectively. In their study the
strength of the waste water is 2.6% total solids, 2.2% 
COD, and 0.86% BOD. The low BOD/COD ratio shows some kind 
of biological inhibition of this waste water. Atkins and 
Sproul (7) found that in a sweet potato canning plant, the 
BOD in the effluent waste water from the peeling 
operations was at least six times the concentration 
measured at any other unit operation. Weckel, Rambo, and 
Veloso (8) observed a high degree of positive correlation 
for BOD,. versus COD and suggested the substitution of BODg 
by COD in evaluating the characteristics of waste water 
from a vegetable canning plant. This substitution, is 
advantageous from an analytical viewpoint, because only
three hours are required for the COD test compared to five 
days in case of the BOD test.
The use of lye solution in the peeling operations 
results in high concentrations of alkalinity of the 
effluent. In a typical sweet potato canning plant using 
the lye peeling process the pH of the waste water range 
between 10 and 12. Atkins and Sproul (7) showed that the 
total alkalinity of the spray washer from a lye peel
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operation was 3360 mg/1. They also showed that this 
alkalinity did not interfere with the biological oxidation 
of the waste.
Several investigators have reported the nutrient 
deficiency of cannery wastes which resulted in failure of 
optimum stabilization by microbial systems (9,10,11). It 
is generally accepted that the BOD/N(available)/P ratio 
should be 100/5/1 for stabilization of food wastes (8). 
Based on this ratio, Atkins and Sproul (7) showed that
nitrogen and phosphorus were present in sufficient
quantities in cannery potato wastes to support biological
oxidation of these wastes. Gautreaux (12) found that 
nutrient addition to 1% alkaline sweet potato peel waste 
was unnecessary for anaerobic digestion.
2.3 Treatment of Potato Wastes
Inplant reduction of waste quantities is usually made 
before proceeding to waste water treatment.
Several potato processing plants today recover small 
potato fragments and dry them for use as animal feed. 
However, the dehydration cost usually is high, thus
limiting this approach.
Sproul, et al., suggested minimization of the time of 
contact of the sliced potato with water (13). Their 
experimental results showed that five minutes of contact 
increased the BOD by 12% over that for the two minute time 
and 30 minute contact time increased BOD by 50%.
Since the peeling operations contribute the major
12
waste load from a potato processing plant, much effort has 
been devoted to improving this process. The new 
dry-peeling process has been developed at the Western 
Regional Research Laboratory of the United States 
Department of Agriculture at Albany, California and at the 
Institute for Storage and Processing of Agricultural 
Produce at Wageningen in Holland. In this process 
infra-red radiation is used to soften the potato skins 
which are then removed abrasively without use of water, 
and the potatoes are given a final brush washing before 
they are discharged from the peeler assembly. The process 
causes a reduction of more than 80% of water consumption 
with respect to lye-peeling operation (14). It was then 
estimated that the resulting total waste load to secondary 
treatment facilities could be reduced by at least 50% 
(15) . Cyr studied the two peeling processes and found 
similar results for the reduction of water usage and waste 
load in the case of dry-peeling operation. However, due 
to the need of more expensive equipment, the capital and 
operating costs for this process are higher (16). 
Extensive research has been given to the improvement of 
the dry-peeling process, mainly aiming at cost reduction.
The usual treatment processes employed for potato 
processing wastes include screening, primary sedimentation 
and biological treatment.
Screening with a mechanical vibrating screen is 
widely used as a preliminary treatment device. Large
13
quantities of relatively large pieces of potato can be 
removed by screening. Sproul et al. found that 35 percent 
removal of suspended solids could be obtained by screening 
through 10 mesh screens. The corresponding removal of BOD 
was 27 percent (13).
Primary sedimentation presently is the single, most 
widely used treatment process. BOD reduction of from 50 
to 70 percent and suspended solids removal as high as 80 
percent have been observed (13).
Biological treatment of potato wastes has been given 
much attention recently. Extensive research has been 
carried out and full scale plants have been designed for 
this type of treatment. Biological treatment includes 
activated sludge, aerated lagoons, trickling filters, 
anaerobic ponds, anaerobic filters, and activated 
bio-filters. These processes have been reviewed by 
Litchfield (17) and Guttormsen and Carlson (14). 
Theoretical analyses and design criteria for trickling 
filters, anaerobic filters, and activated bio-filters have 
been given in textbooks on wastewater treatment (18,19). 
Hemphill (20) studied the treatment of various wastes, 
including potato cannery wastes, by activated sludge 
process and activated bio-filter process. He found that 
the latter was superior both in lower total cost and in 
energy saving.
Dornbush, Rollag, and Trygstad (21) studied the 
treatment of potato-processing wastes in an
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anaerobic-aerobic lagoon system which included an 
anaerobic lagoon, an aerobic lagoon, and a stabilization 
pond operated in series and in that order. The successes 
of the system were found to be primarily due to the 
existence of the anaerobic lagoon in which reduction of 
BODg and suspended solids were 74 and 78 percent, 
respectively. Reduction of pH from 11.6 to 7.1 was also 
observed in this lagoon. Sufficient inorganic nutrients 
were present in the anaerobic lagoon effluent to support 
aerobic biological activity as indicated by an observed 
BODg/N/P ratio of 100/25/90 whereas the raw waste 
BOD^/N/P ratio was 100/7.1/26.7. This conservation of 
inorganic nutrients was caused by reduction in carbon 
(BOD) brought about through the formation of carbon 
dioxide and methane from the degradation of the wastes.
Since potato wastes usually contain or can be 
converted to valuable by-products, the recovery of these 
has been examined as part of the overall treatment scheme. 
A symbiotic yeast process has been developed by the 
Swedish Sugar Corporation (14). Process water was used to 
make a growth medium for Torula yeast. The product may be 
used as a feed additive or for human consumption. In 
addition to the yeast production, a considerable BOD 
reduction was also achieved (22). Rosenau, Whitney, and 
Haight (23) studied the economics of a process for the 
production of starch and animal feed pulp, high protein 
powder, and juice concentrate from cull potatoes. The
15
process was found economically feasible if the plant was 
located near a ruminant feedlot. Forney and Reddy (24) 
fermented potato-processing wastes to lactic acid by 
Lactobacilli. The lactic acid produced during the 
fermentation was neutralized continually with ammonia to 
produce ammonium lactate and to maintain constant pH. 
Fermented ammoniated potato-processing waste was condensed 
to one tenth of its original volume by evaporation to 
yield a product containing more than 40% crude protein. 
Ammonium lactate which was shown to be a good nitrogen 
source for ruminant animals was the primary source of 
crude protein in the product. Strolle, et al. (25) 
studied the feasibility of a process for the recovery of 
proteins and other by-products from potato starch 
producing factory waste water. The economics of the 
process were not very impressive mainly due to the large 
quantities of energy required.
Recently, due to the sharp rise of energy costs and 
energy shortages, anaerobic digestion has been seriously 
considered as an alternative for treatment of wastes from 
food-processing plants. The most attractive feature of 
anaerobic digestion of food wastes is that the final 
product is a methane-rich gas which can be used as a 
supplement to the total natural gas requirement. Also the 
degradation of the wastes to methane and carbon dioxide 
and the low yield of methane-producing bacteria result in 
significant reduction of COD, BOD,., and total solids in
16
the waste stream. Conservation of inorganic nutrients 
which are necessary for downstream aerobic biological 
treatment as discussed earlier is another attractive 
aspect of the process.
The process of anaerobic digestion and its 
applications in treatment of food-processing wastes are 
reviewed in the next chapter.
Chapter Three 
Anaerobic Digestion: Theory and Applications
3.1. Theory
3.1.1. Chemistry and Microbiology
Anaerobic digestion is usually considered to be a 
three-step process (26). In the first step complex 
organics are converted to simpler soluble organic
compounds by hydrolysis. In the second step these
hydrolysis products are fermented to simple organic 
compounds, predominantly volatile fatty acids which 
usually include acetic, propionic, butyric, and valeric 
acids. In the third step the simple organic compounds are 
fermented to methane and carbon dioxide. In practice, 
anaerobic digestion is considered to be a two-stage 
process. The first stage is called acid-formation which 
includes the first two steps of the above scheme. The 
second stage is called gas-formation which is the
formation of methane and carbon dioxide from the
fermentation of the products of the first stage (27). At 
least two large, physiologically different, bacterial 
populations must be present for the overall conversion of 
organic matter to methane and carbon dioxide to occur 
(27,28). A heterogeneous group of facultative and 
anaerobic microorganisms is involved in the first stage. 
The second stage involves a physiologically unique group 
of strict obligate anaerobic bacteria which are usually 
called methanogenic bacteria. The microbiology of these
17
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two bacterial populations has been extensively reviewed by 
Toerien and Hattingh (29),
Temperaturewise, two groups of microorganisms can be 
involved in the overall anerobic digestion process; 
thermophilic species are active from about 45 to 70°C 
(30,31,32) and mesophilic species at lower temperatures, 
usually from 20 to 42°C (33,34).
The division of the anaerobic digestion process into 
an acid-formation step and a methane-formation step by 
chemical and civil engineers has stirred up much 
controversy among the microbiologists. Significant 
amounts of research has been carried out and the result 
was the proposal of a three-stage process as described in 
Figure 3-1 (35).
The first stage involves species of fermentative 
bacteria which as a complex metabolic group hydrolyze 
polysaccharides, proteins, and lipids and degrade the 
products of these to organic acids, alcohols, H^, and COj. 
The second stage involves the so-called hydrogen-producing 
acetogenic bacteria which consume the organic acids and 
alcohols produced in the first stage and produce acetate 
and hydrogen, and sometimes carbon dioxide (36). The 
third stage involves the species of methanogenic bacteria 
which utilize the products of the first two stages, mainly 
H^, CO2» and acetate, to produce the final products, CH^ 
and C02. The bacterial groups of the three stages are 











3 - Methanogenic 
Bacteria
Figure 3-1. Scheme showing the relationships of the three 
general metabolic groups of bacteria or 
stages of fermentation involved in anaerobic 
digestion (35).
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The methanogenic bacteria are exceedingly important. 
In their absence anaerobic digestion of complex organic 
compounds could not be completed. Consequently, organic 
acids which are almost equivalent in energy content to the 
original compounds would accumulate in the system. The 
stoichiometry of reactions involved in the metabolism of 
the methanogenic bacteria is shown in Table 3-1 (35). The 
standard free-energy changes in this table are as reported 
by Thauer et al. (37). It is interesting to note that all 
species studied were capable of utilizing hydrogen to 
reduce carbon dioxide to methane. The equilibrium of this 
reaction is very strongly to the right. Hungate (38) 
observed very great affinity for hydrogen by methanogenic 
bacteria in the rumen for methane production. Although 
only a few species are known to consume acetate, McCarty 
(39) showed that about 70% of the methane produced from 
organic matter in nature came from the fermentation of the 
methyl group of acetate. His findings may imply that the 
growth of these species are favored under natural 
conditions. However, none of them has ever been obtained 
in pure culture and thus the kinetics of their growth are 
not available for confirmation of their precise growth 
rates.
A scheme of the pathways involved in the catabolism 
of carbohydrate by the fermentative bacteria is shown in 
Figure 3-2 (39). Increasing the hydrogen concentration, 
for example, by stressing the methanogenic system with
21
Table 3-1. Energy Sources of Methanogenic Bacteria.
1. All species
AG(kca1/reaction)
4H2 + HCOg + H+^ C H 4 + 3H20 -32.4
2. Many species
HCOO" + H20 + H+ ^tCH4 + 3HC0" -31.2
3. Few species
*c h 3 c o o“ + h 2o ^ * c h 4 + h c o ” _7 4
4. One species (Methanosarcina)

















Figure 3-2. Pathways involved in carbohydrate
fermentation by fermentative bacteria (35)
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shortening the residence time or overloading with 
degradable substrate, results in favorable formation of 
propionate and butyrate, rather than acetate, H2, and C02. 
In the presence of an efficient methanogenic bacterial 
population, the partial pressure of hydrogen is maintained 
at a very low level due to the hydrogen-metabolizing 
capability of these methanogens. Thus most of the 
carbohydrate is fermented via acetate, C02 , and H2 
formation and without major production of other fatty 
acids (35).
The products of the first-stage fermentation other
than acetate, C02, and H2, i.e., mainly propionate and 
butyrate, are anaerobically oxidized to acetate or acetate 
and C02> However, the kinds of acetogenic bacteria 
involved are largely unknown (35). The stoichiometry and 
standard free-energy changes of the proposed reactions
involved in the catabolism of propionate and butyrate by 
H2~producing acetogenic bacteria are shown in Table 3-2
(35,37). From this table it can be seen that the
catabolizing reactions of propionate and butyrate are not 
energetically favorable. However, their syntrophic 
association with the hydrogen-utilizing reaction would 
result in net reactions having negative free-energy 
change, thus become energetically favorable enough to 
proceed.
Although the three-stage process proposed by Bryant 
as just described has been supported by experimental
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Table 3-2. Stoichiometry (35) and change in free energy 
(37) of proposed reactions involved in the 
catabolism of propionate and butyrate by
H.-producing acetogenic bacteria in pure 
culture and in syntrophic association with 
H2-utilizing methanogens.
A. Propionate-catabolizing acetogenic bacterium 
CH3CH2COO"+3 H205*CH3C00“+HC03" + H+ +3 H2
Gq = +18.2 kcal/reaction
B. Butyrate-catabolizing acetogenic bacterium 
CH3CH2CH2COO“+ 2 H205^2 CHgCOO- + H+ +2 H2
Gq = +11.5 kcal/reaction
C. H2-utilizing methanogenic bacterium 
HC03"+ 4 H2 + H+^ C H 4 + 3H20
Gq = -32.4 kcal/reaction 
SUM A + C. Syntrophic association
4 CH3CH2COCf+ 3 H20 ^ 4  CH3COCf + HC03“+ H+ + 3 CH4 
G^ = -24.4 kcal/reaction 
SUM B + C. Syntrophic association
2 CH3CH2CH2COO"+ HC03"+ H205*4 CH3COO“+CH4 + H+
Gq = -9.4 kcal/reaction
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findings of other investigators, the value of its direct 
application to the design of anaerobic digestion systems 
is still not obvious.
3.1.2. Kinetics
Almost all the studies on the kinetics of anaerobic 
digestion have been based on the two-stage process which 
includes an acid-formation step and a methane-formation 
step. Two kinetic models are generally used, namely the 
Monod model (40) and the Contois model (41). These two 
models are reviewed in the next section.
The kinetic models
1. Monod model
In this model the cell growth rate is assumed to 
follow the relationship
(3.1)dX koSXdt K +Sm
where X is the cell concentration 
t is time
dX/dt is the cell growth rate 
S is the substrate concentration 
kQ is the maximum specific growth rate
Km is the half-velocity constant, i.e., the substrate
concentration at which the cell growth rate is 
equal one-half the maximum value.




where ds/dt is the rate of substrate consumption
Y is the growth yield coefficient in mass of cells 
produced per unit mass of substrate consumed.
Hence the rate of substrate consumption is
flC k«sxOS _ O / n  -j \
Ht ” Y(Km+S)
In anaerobic digestion Y is usually assumed to be 
constant and (kQ/Y) is frequently replaced by a single 
constant K (26).
The net rate of cell growth is
k«sx
« L :  'v  <3,4)net m
where k^ is the cell decay coefficient.
In methane fermentation k^ is small (26,27) and 
usually neglected in modeling anaerobic digesters. Moser 
and Steiner (42) examined the influence of the term k^ on 
the evaluation of the kinetics of biotechnological 
processes. They recommended the inclusion of this term in 
the kinetic model. However, the improvement brought about 
by including the k^ term was not very significant.
The Monod model has been used extensively to model 
various types of biological reactors, including batch, 
continuous, and plug-flow reactors (43,44). Levenspiel 
(44) extended the model to account for product inhibition. 
Gates and Marlar (45) have developed a graphical trial and 
error method for determining the kinetic constants in a 
batch reactor.
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Although the Monod model has been used successfully 
for various microbial systems, its universal applicability 
has always been questioned. The main reason has been the 
independence of effluent substrate concentration on the 
magnitude of the substrate concentration in the feed. For 
a continuous stirred reactor the substrate concentration 
in the effluent at steady state is given by (43)
Sn = (1 + kde)Km (3.5)
0 E e-i-k'.'e o a
where 6 is the residence timer
Sq is the effluent substrate concentration.
Since Sf, the substrate concentration in the feed, 
does not appear in the equation, the effluent substrate 
concentration does not depend on the magnitude of 
substrate concentration in the entering feed. At a fixed 
residence time, the conversion of substrate increases with 
increasing substrate concentration in the feed to maintain 
a constant output substrate concentration. The mechanism 
for this self-control action is an increase in cell 
concentration that is sufficient to handle the higher 
loading of substrate (43).
2. Contois' model
Contois (41) observed a linear relationship between 
the half-velocity constant Km of the Monod's model and the 
initial substrate concentration. This observation led him 




k SX O (3.6)Bsjrs
By considering that the cell yield coefficient Y was 
constant and b was relatively small equation (3.6) could 
be rewritten as
Chen and Hashimoto used this model to derive an 
equation giving the effluent substrate concentration from 
a continuous stirred reactor (46,47)
SfKcY
So k e-l+K Y (3,7)o c
Equation (3.7) shows that the Contois' kinetic model 
predicts that the effluent substrate concentration is 
directly proportional to the influent substrate 
concentration.
Chen and Hashimoto then used the Contois' model to 
predict the effluent substrate concentration from an 
anaerobic digester treating dairy wastes and obtained good 
agreement between predicted and experimental values (47).
3. Other Models
Grady, Harlow, and Riesing observed that the growth 
of pure cultures of Aerobacter aerogenes and Escheria coli 
on glucose followed Honod kinetics. However, when a 
heterogeneous culture was used, the cell growth did not 




(3.6a)K X + S c
where K = b/Y c
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further experimental work led to the proposal of a simple 
model which showed the dependence of effluent substrate 
concentration from a continuous stirred reactor on the 
influent substrate concentration (49).
S 0  -  +  K -  S f  , 3 - 8 >
where K* is a proportionality constant 
K" = K'kd
The model was used successfully, especially when the 
substrate concentration was small compared to Km , i.e., 
when the Monod equation could be simplified to a first 
order rate equation
(dX/dt) /X = <k0/K]n)/S (3.9)
Others, for example, Clausen and Gaddy (50) and Pike
(51), successfully used a first-order kinetic model to fit 
their data on methane formation in anaerobic digestion of 
cellulosic wastes and cattle manure.
Although various kinetic models have been used 
successfully, for well-defined systems the Monod model has 
been most widely used.
Kinetics of methane formation
The kinetics of methane formation have been studied 
using three models, the first-order approximation, the 
Contois, and the Monod models. The constants of these 
three models are summarized in Tables 3-3, 3-4, and 3-5, 
respectively. All the reactors employed in these studied 
were continuous stirred reactors. The pH was not
30
Table 3-3. Kinetic Constants in First-Order Models for
Methane Fermentation.
First-order reac­



























































Table 3-4. Kinetic Constants in Models Using Contois





Substrate and Temperature 
data source °C Reference
0.326 1.05 Dairy wastes {30) 35 (55)
0.651 0.60 Dairy wastes (30) 60 (55)
0.326 0.68 Swine wastes (56) 35 (55)
0.330 0.26 Sewage sludge (57) 35 (46)
0.130 0.34 Sewage sludge (57) 25 (46)
0.114 1.03 Sewage sludge (57) 20 (46)
0.330 0.30 Municipal refuse(32) 35 (46)
0.74 1.13 Municipal refuse(32) 40 (46)
0.77 1.26 Municipal refuse(32) 45 (46)
0.50 0.71 Municipal refuse(32) 50 (46)
0.63 0.68 Municipal refuse(32) 60 (46)
0.31 1.25 Dairy waste (58) 32.5 (46)
0.79 0.75 Dairy waste (59) 60 (46)
0.77 0.90 Beef waste (60) 60 (46)
Table 3-5. Kinetic Constants in Models Using Monod Kinetics for Methane Fermentation.
kd ko Km
(day”1) (day”1) (g/l) Y
0.019 0.377 0.172 0.040
0.037 0.259 0.333 0.054
0.011 0.235 0.869 0.050
0.010 0.358 0.073 0.042
0.040 0.500 0.613 0.051
0.019 0.475 0.053 0.045
- 0.430 0.369 -
- 0.860 0.164 -
- 0.230-0.360 0.9-2.5 -
- 0.334 4.48 (*) 0.104
- 0.267 2.00 (**) 0.040




Acetic acid 35 (61)
Acetic acid 30 (61)
Acetic acid 25 (61)
Propionic acid 35 (61)
Propionic acid 25 (61)
Butyric acid 35 (61)
Acetic acid 37 (62)
Butyric acid 37 (62)
Acetic acid 37 (63)
Cellulose 37 (64)
Long chain 35 (61)
Fatty acid 25 (61)
20 (61)
(*) as volatile solids
(**) as COD
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controlled, but the self-buffering capacity of the reactor 
contents were able to maintain the pH within the range 
6.8-7.5 which is the favored pH range for methane 
fermentation (67).
Note that in the Contois model it is customary to
measure the product KCY which is a dimensionless number
rather than the constant K„.c
As mentioned earlier, there are two groups of 
methanogenic bacteria which are different from each other 
in their optimum temperature range. Within the optimum 
temperature range of each group, the constant Km in the 
Monod model was found to vary with temperature following 
the Arrhenius relationship (12,26,68).
From Table 3-3 it can be seen that the decay 
coefficient is relatively small. This is a reason why 
it is usually left out when the Monod equation is used for 
the design of anaerobic digester.
Gautreaux (12) overloaded such reactors and measured 
the variation of zero-order methane production rate with 
temperature. An Arrhenius plot employing his data 
produced an activation energy of 92.1 kj/mol for a 
mesophilic temperature range of 20-37°C.
Pfeffer (32) assumed first-order kinetics for methane 
production from municipal refuse. His data showed an 
Arrhenius relationship for the variation of the rate 
constant with temperature over a thermophilic range of 
4 5 - 6 0 ° C .  The activation energy was obtained as 230 kJ/mol.
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The significance of the magnitude of activation 
energy for anaerobic digestion was discussed by Gautreaux 
(12).
Due to the complexity of the substrate and of the 
mechanism involved in the anaerobic digestion process 
itself, it is usually difficult to predict the theoretical 
yield of methane from a complex substrate. Buswell and 
Mueller (69) developed an empirical equation, (3.10), to 
predict the theoretical amount of methane produced from a 
substrate of known elemental composition. The equation is
CnHa°b+ <n ’ I "I* H2°— (§  ‘ t + C02 (310|
+ (?  + I  ‘  ! ,CH4
It was shown (69) that it was possible to get 95 to 100% 
yield calculated from this equation. Based on equation
(3.10), McCarty suggested the calculation of theoretical 
methane production from the measured chemical oxygen
demand (COD) of a complex substrate. The theoretical
yield was shown to be 0.35 liter (at standard conditions) 
methane produced per gram of measured COD (67).
Kinetics of acid-formation
The kinetics of the acid-formation step in the 
two-stage process has not been studied extensively. In 
all the studies reported to date the Monod model was used 
(65,66). The kinetic constants as reported are given in 
Table 3.6. The growth rate of the acid-forming bacteria 
as a group is seen to be several times faster than that of
Table 3-6 Kinetic Constants of the Acid-Formation Step.
(day-1) (day”1) (g/1) Y
- 7.2 0.4 0.15
- 3.84 (a) 26.0 0.4
- 1.70 36.8 0.16
- 7.2 - -
- 6.96 (b) - -
- 6.72 - -
_ 30 (c) 0.023 0.22
(a) pH was between 6 and 6.5; reactor was
(b) pH was controlled at 5.5; reactor was
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the methane-forming bacteria. Ghosh and Pohland (27) 
relied on this difference to separate the acid formers 
from the methane formers by operating a continuous stirred 
reactor at gradually decreasing residence time; eventually 
the residence time became shorter than the minimum 
generation time of the methane formers and these bacteria 
were washed out and only the acid formers remained in the 
reactor.
As mentioned earlierr the acid formation step of the 
two-stage process involves two consecutive reactions, the 
hydrolysis of complex carbohydrates to the glucose single 
units and the conversion of glucose to the volatile fatty 
acids. Zoetemeyer et al. (66) showed that the second 
reaction was rate-limiting when the original substrate was 
sucrose or starch.
Due to the lack of sufficient data on the kinetics 
and the complexity of the product distribution spectrum 
information about the theoretical production of volatile 
fatty acids from carbohydrates or related substrates is 
not possible as yet.
3.1.3. Environmental Influences
The methanogenic bacteria are very sensitive to envi­
ronmental conditions, such as pH, temperature, cation and 
anion concentration, etc. A sudden change imposed on the 
environment may cause these microorganisms to lose their 
biological activity completely. This has been the main 
cause of failure of several anaerobic fermenters (70).
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pH values around 7 are best for the growth of
methanogenic bacteria. Below pH 6.5 and above pH 7.5
their activity decreases sharply (67).
The optimum temperature for mesophilic methanogenic
bacteria is 37-40°C (46) and that for themophilic ones is
55 (46) to 60°C (32).
Bryant et al. (71) studied the nutrient requirements
of three pure methanogenic cultures isolated from ruminant
fluid and sewage sludge. They found that these strains
required NH^ as the main source of cell nitrogen and have
little ability to incorporate or metabolize organic
nitrogen compounds such as amino acids or peptides. Cohen
et al. (72) studied the anaerobic digestion of glucose in
a two-stage process and found that the methanogenic
bacteria were capable of obtaining their nitrogen
requirement by digesting the acid-forming cells which came
from the first stage. Speece and McCarty (73) studied the
nutrient requirements of methanogenic bacteria grown on
various simple substrates such as acetate, glycine,
leucine, glucose, starch, cellulose, and attempted to
calculate the nitrogen requirements based on the equation
Nitrogen Requirement _ Cellular organic nitrogen (mg/1) 
(mg N/g COD) /Residence WLoading rate ,\/Ef fl- \
\time, days/V<J COD/l-day J\ciencyJ
(3.11)
However, this method involves the determination of 
cellular organic nitrogen which is difficult to carry out 
when complex substrates, for example, wastes from fruit
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canning plants, are used.
Kugelman and Chin (74) studied the toxicity, 
synergism, and antagonism in anaerobic digestion. 
(Antagonism is the reduction of the toxic effect of one 
substance by the presence of another. Synergism here 
refers to the increase of the toxic effect of one 
substance by the presence of another). Low concentrations 
(<1 mg/liter) of all heavy metals except iron were found 
to be extremely toxic, but higher concentrations could be 
tolerated if sufficient sulfide is present to act as a 
precipitant. Light metal cations were found to give the 
most trouble because they could occur in both toxic and 
stimulatory ranges.
The influences of the environment on the growth of 
acid-forming bacteria have not been studied extensively 
and the available information is quite limited. However, 
this area has recently attracted attention of several 
investigators and exploration of it has been called for.
Wang et al. (75) studied the production of acetic 
acid by Clostridium thermoaceticum in a nutrient-rich 
media. Maximum growth was obtained at 55°C and pH 7.0. 
Zoetemeyer et al. (66) observed maximum growth for a mixed 
population of acid-forming bacteria derived from sewage 
sludge at pH 6.0 and at 37°C (mesophilic region) and 52°C 
(thermophilic region).
Gautreaux (12) observed that a simple inorganic-salt 
media was sufficient for the growth of acid-forming
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bacteria obtained from sewage sludge.
3.2. Applications
Due to the energy shortage anaerobic digestion has 
recently been examined for the possibility of producing 
methane as part of the overall waste treatment scheme. 
With the arrival of the two-stage concept {27) # production 
of volatile fatty acids and single cell proteins in the 
first stage has also been considered.
3.2.1. Production of volatile fatty acids and single cell 
proteins
Chynoweth and Mah (76) are probably the first 
investigators to study the formation of volatile fatty 
acids in anaerobic digestion systematically. They 
observed an increase in acid concentration immediately 
after the reactor was supplied with new feed or when 
methanogenic inhibitors such as CHClg# CCl^ (77#78) were 
added. The application of anaerobic digestion for 
volatile acid production was not given much attention 
until Wang et al. (75) reported their work on the 
production of acetic acid by an anaerobic and thermophilic 
microorganism# Clostridium thermoaceticum. An acetic acid 
concentration of 37 g/1 was obtained before product
inhibition occurred. The growth of the microorganism was 
found to fit the growth- and non-growth-associated model 
of Leudeking and Piret (79). An overall conversion of 85% 
was observed, de la Torre and Goma (80) employed a mixed 
culture of acid-forming bacteria derived from sewage 
sludge to produce volatile acids from glucose at 30°C and
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pH 6.0. Overall yield of 0.8 g acids/g cell and 
productivity of 1.7 g acids/liter-hour were observed. 
Maximum total acid concentration obtained was 42 g/liter 
(expressed as acetic acid). Typical volatile acid 
distribution was 65, 7, and 28% (w/w) for acetic,
propionic, and butyric acid, respectively. To date 
production of volatile acids by anaerobic digestion of 
complex substrates such as carbohydrate wastes has not 
been reported. It is obvious that more research needs to 
be carried out before this process can be considered for 
commercialization. The process variables must be more 
clearly defined and the final product concentration must 
be increased to reduce the recovery cost before this 
process can compete with other processes which are 
currently employed for production of volatile acids 
(81,82,83).
The use of the first step of the anaerobic digestion 
process for production of single cell proteins has been 
considered very recently and the amount of information 
available is extremely limited. Thomas and Evison (84) 
attempted to grow yeast on the volatile acids produced in 
the acid-forming step of anaerobic digestion of piggery 
wastes. The highest yield obtained was 1.65 g yeast/g 
acetic acid. Gautreaux (12) studied direct production of 
acid-forming cells by anaerobic digestion of glucose at 
37°C and obtained a yield of 0.09 g protein (0.18 g 
cells)/g glucose. With alkaline potato peels he obtained
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0.032 g protein/g volatile solids in the feed. The 
protein yield is obviously low, but if it can be increased 
to an acceptable value its production may be integrated 
into an attractive system for producing food supplement 
and fuels from biomass by an anaerobic digestion process
(85).
3.2.2. Methane production
Substrates usually employed for the production of 
methane by anaerobic digestion include municipal refuse 
(32) , industrial wastes (53), cattle manure (46), and 
agricultural residues (52).
Pfeffer (32) studied production of methane by 
anaerobic digestion of municipal refuse at a wide range of 
temperatures and loading rates. The optimum mesophilic 
temperature was found to be 42°C and the optimum 
thermophilic temperature 60°C. Based on his experimental 
results Pfeffer estimated that the selling price of the 
methane produced was $0.94/10 joules. Pfeffer et al.
(86) later discovered that both the rate of methane 
production and total biodegradability could be increased 
significantly if the refuse was treated with NaOH prior to 
feeding to the digesters. Anding (8 7) and Chao (88) 
observed similar improvements when using bagasse for 
methane production. Gossett and McCarty (89) studied the 
effect of pretreatment of refuse on methane production. 
They treated the refuse with acid and alkaline solutions 
of various strengths and found that the optimum treatment
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with temperature increased with increasing pH of the 
solutions employed. McCarty et al. (90) found that 
pretreatment with strong alkaline solution at elevated 
temperatures resulted in the formation of various products 
which might be toxic to methane-producing bacteria.
Ghosh and Klass (63) have developed a process for 
production of methane from municipal refuse and sewage 
sludge. Klass, Ghosh and Conrad (91) developed a process 
to produce methane from grass. Economic evaluation showed 
that the process feasiblility strongly depended on the 
selling price of the gas produced. Swartzbaugh, Miller, 
and Wiles studied methane production by anaerobic 
digestion of municipal refuse and sewage sludge (92). The 
presence of the cellulosic materials which are very 
difficult to break down into simpler molecules was found 
to be the main reason for the slow rate of the process. 
Thorough mixing did not bring about reasonable 
improvement.
Industrial wastes which contain biodegradable 
substances have also been examined for potential methane 
production. Keenan and Kormi (53) studied the production 
of methane from brewery wastes. The methane productivity 
was found to be 0.32-0.41 liter/g dry substrate added. 
Gautreaux (12) obtained 0.16 liter methane/g dry solids 
for alkaline peel wastes from a potato canning plant. 
Lane (93) used fruit and vegetable processing wastes which 
included apple pomace, pelletized dried citrus peel, and
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bean and pea wastes to produce methane at 37° C. Ninety 
percent of the solids was digested and the methane 
productivity was obtained as 0.18-0.21 1/g solids,
van den Berg and Lentz (94) employed a continuous reactor 
system with recycle of microbial solids from a separate 
settling tank to study methane production from food 
processing wastes. The recycle of microbial solids 
increased the solid residence time, thus allowing the 
reactor to handle higher loading rates (95). Loading 
rates were increased gradually until the reactor failed. 
The feeds included bean blanching, pear peeling, 
dry-caustic potato peeling, whole potato, and rum stillage 
wastes. Hydraulic residence time and solid residence time 
varied from 4.2 to 13 and 23 to 100 days, respectively. 
Maximum removal of volatile solids in the wastes was 91% 
and the corresponding reactor productivity was 1.2 1
methane/1 of reactor volume-day. Poor settling ability of 
microbial solids was observed, but no attempt was made to 
improve it.
The kinetics of the acid-formation step and the 
methane-formation step in the two-stage anaerobic 
digestion, as discussed earlier, show that the first step 
is much faster than the second one. Thus, acid 
accumulation may occur in the reactor, resulting in 
destabilization of balance of methanogenic bacterial 
populations in the reactor. Consequently, gas production 
will stop eventually. To overcome this difficulty,
44
several attempts were made to separate the acid-forming 
bacteria from the methane-forming bacteria. The process 
is, therefore, carried out in two separate reactors, and 
manipulation of each reactor to achieve optimum operating 
conditions is possible. Successful separation of the two 
groups of bacterial populations has been achieved 
(12,27,62). Pohland and Ghosh (96) studied anaerobic 
digestion of glucose in a system consisting of two 
separate reactors both having sludge recycle streams. 
They found that the slower growing methane formers could 
be precluded from growth in the first reactor of the 
two-stage system by applying a positive selection 
pressure, Pg = Mg] where D is the prevailing
dilution rate and kQ Mg is the maximum specific growth 
rate of the methane formers. It was found that to ensure 
prevention of the growth of methane formers and consequent 
enrichment of a dominant population of acid formers, Pg 
should be higher than 0.2. However, a short residence 
time in the acid reactor would result in low conversion of 
substrate to acids, and consequently, low efficiency of 
the overall system for methane production.
Fan and co-workers (97) studied the theoretical 
optimization of the two-stage anaerobic digestion. They 
found that the methane reactor with microbial solid 
recycle would give great advantages over the one without 
the recycle. They also found that the overall cost would 
be reduced significantly by increasing the recycle ratio.
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Although high values of recycle ratio imply long solid 
residence times, yielding organism decay, the performance 
of this reactor would not be effected since the rate of 
decay of methane formers is low.
Gautreaux (12) investigated the production of methane 
by anaerobic digestion of alkaline sweet potato wastes in 
a 10,000 gallon capacity pilot plant. The operating
conditions were not optimized but instead, were based on
the operating conditions of the sweet potato processing 
plant nearby. The rather limited data did not show any 
advantages of the two-stage process over the single-stage 
one.
Although laboratory experimental data show that
separation of acid-formation step and methane-formation
step would result in greater process stability (27), all
commercial plants for methane production by anaerobic
digestion have employed a single reactor. Both of the
steps are carried out in the single vessel instead of two
separate reactors. This is primarily due to the increase
of overall cost brought about by the addition of the acid
reactor.
• /
Since high solids residence time in anaerobic
digestion is required for process stability (61) , several 
attempts have been made to control this variable, 
including recycle of microbial solids, anaerobic filter, 
anaerobic attached-film expanded-bed reactor, and sludge 
bed reactor.
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Recycle of microbial solids has been practiced 
extensively and the effect of the main variable, the 
recycle ratio, on the reactor performance, has been 
discussed earlier. Modeling of anaerobic digesters with 
microbial solids recycle assuming Monod kinetics can be 
found elsewhere (43,97).
The anaerobic filter is simply a packed column in 
which the feed is distributed across the bottom of the 
filter and the flow is upward through the bed so that the 
filter is submerged completely. Anaerobic microorganisms 
accumulate in the void spaces between the packing 
particles and also adhere to the surfaces of these 
particles so that the feed comes in contact with a large 
active biological mass as it passes through the filter 
(98).
Young and McCarty (98) used an anaerobic filter 
filled with quartzite stones to treat a synthetic waste 
having strength of 1500-6000 mg COD/1 at 25°C. At 
residence times as low as 36 hours, the COD removal was 
almost complete, and at the highest loading, the COD
removal efficiency was still as high as 68.4%.
The success of Young and McCarty in employing
anaerobic filters for waste treatment has drawn the 
attention of a great number of researchers. Anaerobic
filters were applied on a commercial scale by Taylor and 
Burm for starch effluent (99) and on a more modest scale 
to a variety of effluents by others (100,101,102). Witt,
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Humphrey, and Roberts (103) employed a 1100 m 3 anaerobic 
filter with recycle to treat waste water containing toxic 
substances. Before the waste was pumped into the bottom 
of the filter, it was mixed with the effluent stream 
coming out of the filter. Thus the toxic materials in the 
waste were diluted to a level which was harmless to the 
microbial populations before the feed entered the filter. 
This concept was first used by Chian and Dewalle (100) in 
a smaller anaerobic filter. Haugh, Raksit, and Wong (104) 
compared the use of an anaerobic filter for treatment of 
waste activated sludge with other conventional treatment 
processes and found that the anaerobic filter required the 
least energy consumption and lowest total cost, Genung 
and coworkers (105) also showed that based on performance 
and processing cost, the anaerobic filter was superior 
over activated sludge and trickling filter for wastewater 
treatment.
Although the anaerobic filter could achieve high 
efficiency of waste removal at rather low temperatures and 
short residence times (98), its operation could easily be 
hampered by clogging and short-circuiting. This 
difficulty led Switzenbaum and Jewell (68) to the use of 
the so-called anaerobic attached-film expanded-bed reactor 
(AAFEB) for wastewater treatment. This reactor was a 
slight modification of the anaerobic filter. The reactor 
was a column filled with light and small particles such as 
sand or PVC pellets. Microbial populations were allowed
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to form a thin film on the surface of the packing 
particles. Feed was pumped upwards through the bottom of 
the column. Under the influence of the flow of the feed, 
the column was slightly expanded. Thus the AAEFB could be 
used to treat wastewater containing suspended solids. 
This also diminished short-circuiting of the flow. 
Switzenbaum and Jewell (68) showed experimentally that the 
AAEFB was capable of treating extremely dilute wastes at 
much lower temperatures and lower hydraulic residence 
times when compared to the anaerobic filter treating 
similar type of waste (98). At the lowest temperature 
(10°C) and highest loading rate (16 kg COD/m3-day), the 
waste removal efficiency of the AAEFB was 40-60% (68).
In the AAEFB there is a lower limit of linear 
velocity which must be high enough to support bed
expansion, thus ensuring uniform feed distribution. Due 
to this rather high fluid velocity, suspended solids 
sheared from the carrier medium will escape in the 
effluent (106). In order to achieve a satisfactory
effluent solids concentration, the escaping solids should 
be recovered in a settling tank (107). The use of an 
upflow sludge blanket (USB) reactor without an inert 
carrier medium for microbial growth can partially overcome 
this problem.
The USB reactor was first proposed as an anaerobic
treatment process by Lettinga and van Velsen (108). In
this type of reactor the microbial particles themselves
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were fluidized at rather low linear velocity. As a 
result, very little suspended solids would escape in the 
effluent.
Lettinga et al. (109) applied the USB concept for the 
study of denitrification and anaerobic digestion in 
one-stage and two-stage schemes. The USB reactors 
employed included small laboratory-scale reactors, 6 m 3 
pilot-plant reactors and a 200 m 3 full-scale reactor. The 
results showed that the USB reactors in all cases were 
highly effective in treating dilute wastes. In small 
laboratory-scale reactors it was shown that 
denitrification and acid formation, which is the first 
step of anaerobic digestion, could be carried out 
satisfactorily at very low hydraulic residence times (2-3 
hours) and at very high organic loading rates, i.e., 20 kg 
C0D/m3-day in the denitrification and 60-80 kg COD/m3-day 
in the acid formation step. In the 6 m 3 USB reactor 
organic loadings of 15-40 kg COD/m3-day could be treated 
at three-eight hour residence time and in 200 m 3 reactor 
organic loadings of up to 16 kg C0D/m3-day could be 
treated satisfactorily at four-hour residence time. The 
high capability of the USB reactors showed that the 
addition of an extra reactor for acid formation prior to 
methane fermentation as recommended by others (27,65) 
would be unnecessary.
Lettinga et al. (109) also showed that in the USB 
reactors mechanical agitation was not required as good
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mixing could be brought about by the upward flow of the 
gas bubbles formed within the sludge layer. Despite the 
slight fluidization of the sludge bed, it was observed
that the microbial floes had high settling ability and 
this could be improved significantly by addition of Caa 
ions. The improvement of settling ability of microbial 
floes by adding di- and trivalent cations was earlier 
reported by Heinke et al. (110).
Heertjes and van der Meer (111) attempted to model 
the USB reactor with an internal settler for microbial 
solids recovery. The reactor was viewed as consisting of
three separate parts, which were the sludge bed, the
sludge blanket, and the settler. The sludge bed was 
considered as a combination of two perfectly mixed regions 
with by-passing and return flows; the sludge blanket, 
which was the region right above the sludge bed, was
perfectly mixed, while the fluid flow in the settler was 
described as plug flow. By using stimulus-response
J.experiments with Li tracer, it was observed that the flow 
of the gas produced was sufficient to provide good mixing. 
It was also recommended that scale-up of the USB reactor 
using data obtained from small-scale reactors should be 
based on the reactor cross-section rather than its height. 
This was also suggested by Frostell (112) in a more recent 
investigation. For a 30 m 3 USB reactor Heertjes and van 
der Meer (111) found that a sludge bed having a height of 
at least 2 m was required to produce enough gas which in
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turn provided sufficient mixing.
Frostell (112) compared the performances of an 
anaerobic filter and a USB reactor operated at similar 
conditions. It was found that the two reactors achieved 
the same results. However, the USB reactor still had the 
advantage that it could handle wastes containing suspended 
solids.
Although a considerable amount of research has been 
performed on anaerobic digestion, there still are many 
questions which need to be answered. For example, in the 
most recent development of the USB concept, the factors 
regulating the formation of a stable sludge bed are not 
known with certainty (112) . In addition, due to the 
energy shortage, anaerobic digestion has been looked at as 
an attractive means for waste treatment, and at the same 
time, for the production of methane and other valuable 
chemicals such as the volatile fatty acids and single-cell 
proteins for feed supplement. Future research should be 





The main purpose of this investigation is to develop 
a process for the production of methane from alkaline 
potato waste by anaerobic digestion. The economics of the 
process can be improved by production of by-products, 
which are single cell protein and volatile fatty acids. 
These by-products are also considered by this project.
Since the ultimate goal is to apply the findings of 
this research and those of the work by Gautreaux (12) for 
methane production from wastes in a typical potato 
processing plant, experimental conditions were maintained 
as close to the real operating conditions in that plant as 
possible. Other variables were investigated over wide 
ranges to reveal their effect on the efficiency of the 
process.
Figure 4.1. outlines the steps taken during the 
course of this investigation. The experimental work 
included steps 1-4. Experimental results are presented 
and discussed in Chapter Five following that same order. 
Steps 5 and 6 are discussed in Chapter Six.
It is clear from Figure 4.1. that the experimental 
work included four phases. These are described in detail 
below.
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(5) Development: of the process
(2) Single-stage methane production
(3) Two-stage methane production
Separation of acid formers and methane 
formers
(6) Application in a typical potato 
processing plant
(1) Acclimation of microorganisms to substrate
(4) Acid-formation step
Effect of pH, temperature, and 
feed concentration
Effect of removal of cells from effluent 
from acid reactor before feeding to 
methane reactor
Effect of feed concentration and resi­
dence time on performance of heavily 
seeded reactors
Effect of residence time on performance 
of methane reactor/Fixed conditions in 
acid reactor
Effect of feed concentration and resi­
dence time on performance of lightly 
seeded reactors
Figure 4.1. Flow Diagram of the Steps Taken During the Course of this Investigation.
54
In the first phase the microorganisms were acclimated 
to the particular substrate of interest, which was 
alkaline sweet potato waste in this work. This 
acclimation of the microorganisms ensured the growth of a 
healthy population on that substrate.
Single-stage methane production was studied in the 
second phase. The main concern of the first part of this 
phase was about the quantity of microorganisms which were 
required to be present in the reactor initially. Since 
the reactor was of fed-batch sludge blanket type as 
described in Section 4.2.3. the volume occupied by the 
sludge blanket would determine the minimum possible 
residence time. In addition, knowledge of the initially 
required quantity of inoculum would help in establishing 
the start-up procedure. Thus in this part of phase 2, the 
reactors were only lightly seeded. In the second part the 
reactors were heavily seeded and experiments similar to 
those of the first part were carried out.
Two-stage methane production was examined in phase 3. 
Since in this system volatile fatty acids and methane were 
produced in two separate reactors seeded with two 
different microorganism populations of acid formers and 
methane formers, respectively, the first part was devoted 
to attempts to separate the two groups of microorganisms. 
In the next part the conditions in the acid reactor were 
fixed according to the operating conditions in a typical 
potato processing plant and the effect of residence time
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on the performance of the methane reactor was studied. 
Feed concentration was adjusted to be the same as that of 
the waste stream from the plant. As discussed earlier in 
Chapter Three, there exists the possibility of producing 
single cell protein in the acid reactor of a two-stage 
anaerobic digestion scheme. However, the total removal of 
acid-forming cells from the effluent from the acid reactor 
may cause nutrient deficiency of the methane formers in 
the methane reactor. Thus the purpose of the last part of 
phase 3 was to find an answer to that question.
Gautreaux (12) studied the acid-formation step in a 
continuous system using acid formers derived from sewage 
sludge. Since this source of inoculum usually contains
various pathogens, the protein produced may not meet the
requirements for food supplement. Thus the study was 
repeated in phase 4 of this work, employing acid formers 




The inoculum source for experiments on methane
production was derived from both primary and secondary 
sludges which were obtained from the Baton Rouge sewage 
treatment plant. It was found early in the course of this 
investigation that the anaerobic microorganism populations 
derived from primary sludge required much shorter
acclimation periods than those from the secondary plant.
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From then onf primary sludge was used as the sole source 
of inoculum.
After being taken from the sewage treatment plant 
into the laboratory, the primary sludge was screened 
through a 60 mesh sieve to remove large solid particles. 
The sludge was then introduced into a reactor and tap 
water was added up to the desired reactor volume. Before 
the reactor was sealed it was purged with nitrogen for at 
least five minutes to drive out all the oxygen. From then 
on the reactor was operated in a fed-batch mode which 
included daily discharge and feeding. The feed used was 
1% (based on total solids) alkaline sweet potato waste and 
the residence time was set at 10 days which should be long 
enough for the development of a slow-growing 
methane-forming population. In this type of reactor the 
residence time was defined as
Residence time _ Reactor volume (4.1)
(fed-batch reactor) " Volume discharged daily 
(in days)
Gas production, including total amount produced and 
composition, and pH of effluent were monitored daily. 
Eventually, the reactor was overloaded. Overloading was 
indicated by a sudden decrease in gas production, 
considerably lowering of pH, and accumulation of volatile 
fatty acids. When overloading occurred, feeding was 
stopped for two to three days. At the end of this period 
the accumulated acids were consumed, the reactor returned 
to its normal conditions, and feeding was resumed. About
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three weeks elapsed before the reactor reached a steady 
state which was indicated by constant gas production and 
small variation in pH of the effluent. The reactor was 
then used as inoculum source for all experiments on 
methane production which were carried out at different 
sets of conditions. The supply of acclimated inoculum 
included three 2-liter widemouth flasks. The temperature 
at which the inoculum was developed was 37°C which is 
optimum temperature for mesophilic methane formers (46).
The inoculum source for experiments on the 
acid-formation step was derived from ruminant fluid which 
was obtained from the stomach of a fistulated cow raised 
at the LSU dairy farm. The ruminant fluid was placed in a 
500 ml flask which was kept in a water bath maintained at 
37°C. The flask was discharged and fed daily with 
gradually increasing loading. The feed was 1% (based on 
total solids) alkaline sweet potato waste. Gas production 
and pH were monitored daily. As a result of volatile 
fatty acid accumulation both methane concentration in the 
gas produced and pH decreased gradually. After one week 
methane disappeared completely and the pH reached a stable 
value of 5.5. From then on the flask was operated as a 
fed-batch reactor with residence time of four days and 
used as the supply of inoculum source for all experiments 
on acid-formation step. It should be pointed out here 
that occasionally feeding was stopped for two days but the 
pH was still maintained at 5.5 and no trace of methane was
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found in the gas produced. This indicated that only acid 
formers existed in the reactor.
4.2.2. Substrate
The substrate used for methane production experiments 
(phases 2 and 3) was alkaline sweet potato waste. It was 
found early that the substrate contained enough nutrients 
to support bacterial growth and thus no nutrient addition 
was required. This has also been observed by others 
(12,21).
When phase 1 was started, the sweet potato season was 
already over. Thus a synthetic alkaline sweet potato 
waste was prepared under the conditions resembling those 
used in the peeling process. The procedure for 
preparation of the synthetic waste was as follows.
1. Whole potatoes were washed and cut into pieces of 
about 1 inch long.
2. The pieces were dipped in 11% (w/w) boiling NaOH 
solution for seven minutes.
3. The cooked pieces were then placed in cold tap 
water and the softened peels were removed by hand.
4. The mixture was then ground in a three-speed 
blender before being screened through a 14 mesh sieve.
5. The final slurry which usually contained from 7 to 
10% total solids was kept frozen until ready for use.
Chemical analyses showed that the synthetic waste 
prepared as described above had the same characteristics 
as those of the real alkaline sweet potato waste.
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The synthetic waste was used for all the experiments 
of the first part of phase 1, From then on alkaline sweet 
potato waste obtained in concentrated form from the Joan 
of Arc potato processing plant in St. Francisville,
Louisiana, was used.
Solids concentration of the real waste was 15-20%
with a pH of about 12. The waste was kept frozen to 
minimize any possible microbial degradation and was thawed 
just prior to use. The concentrated waste was diluted 
with tap water and screened through a 14 mesh sieve before 
more tap water was added to the screened slurry to bring 
the concentration of total solids to the desired value.
Feed concentrations ranged from 0.9 to 5% solids and 
the pH was from 10.5 to 12. The characteristics of the
feeds used are summarized in Tables 4.1. and 4.2. The 
similarity of synthetic waste and real waste is revealed 
in Table 4.1.
Characterization of alkaline sweet potato waste has 
been studied in detail by Gautreaux (12).
The substrate used in the study of the acid-formation 
step was glucose dissolved in a nutrient-rich media. The 
composition of the media is given in the appendix. 
Glucose concentration ranged from 1 to 5%.
4.2.3. Single-stage methane production study
The apparatus used for the study of single-stage 
methane production is shown in Figure 4-2. The system ,













9.02 5.83 8.60 0.20 0.11
1.2 w%
synthetic waste
12.76 6.99 12.01 0.20 0.11
1 w%
real waste
10.10 5.14 9.20 0.29 0.16
2 W %
real waste
19.94 13.78 22.10 0.40 0.15
3 w%
real waste
31.25 17.81 31.72 0.43 0.11
4 w %
real waste
41.18 24.42 39.97 0.52 0.11
5 w%
real waste
50.21 29.78 47.17 0.53 0.12
Biodegradable fraction of real waste = 0.81 (based on COD) (12)
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Table 4-2. Relative Characteristics of the Feeds used in 
Methane Production Experiments.
Volatile solids Volatile solids COD







































Figure 4-2. Apparatus for single-stage methane 
production study.
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consisted of a fermenter, which simply was a flask 
immersed in a Blue M Electric Company Magniwhirl constant 
temperature bath maintained at 37°C, a feed bottle, in 
which mixing was provided by an E. H. Sargent magnetic 
stirrer, a Masterflex pump for discharge, and an inverted 
graduated cylinder for gas production measurement. The 
cylinder was sealed with a pH 3 HgSO^ solution saturated 
with NaCl. Low pH and high salt concentration prevented 
the CO2 from dissolving in the solution (113).
The fermenter was initially seeded with the inoculum
which was acclimated to alkaline sweet potato waste as
described earlier. Discharge and feeding were carried out
daily, thus the fermenter was of fed-batch reactor type
and the residence time was defined according to equation
(4.1.). The feed was introduced by gravity to the bottom
of the fermenter, i.e., under the sludge blanket. No
external mixing was provided, thus agitation of the
■
fermenter content was solely a result of the rising of gas 
bubbles formed in the reactions. The fermenter was
discharged from well above the sludge blanket.
The daily experimental procedure is described below.
1. Final gas volume was recorded; gas sample was
taken and analyzed.
2. Fermenter was discharged; effluent was analyzed.
3. Feed was prepared and placed in feed bottle.
Mixing of the feed was provided for five minutes prior to 
and during feeding of the fermenter. Volume of feed
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introduced to the fermenter was equal to the volume 
discharged.
4. Graduated cylinder was refilled.
The experimental variables monitored daily included 
total gas production, gas composition, and pH of the 
effluent. The fermenter was operated over a period of 
time until steady state was reached. The criteria of 
steady state included constant pH and methane production. 
Usually steady-state operation was reached after two 
residence times. Clear liquid effluent from the fermenter 
was then analyzed for COD, total solids, volatile solids, 
total carbohydrate, volatile fatty acids, and protein. 
Analyses were performed on two samples taken three days 
apart, and the averages of the two measurements are 
reported in the next chapter.
Details of the experiments are given in Table 4-3.
4.2.4. Two stage methane production study
1. Performance of a two-stage fermenter system.
(Experiment 6)
The two-stage system consisted of an acid fermenter 
and a methane fermenter. The set-up of the methane 
fermenter was similar to the set-up for single-stage 
methane production study which is shown in Figure 4-2. 
The set-up of the acid fermenter is shown in Figure 4-3.
The acid fermenter was a flask immersed in the 37 °C 
water bath used in the study of single-stage methane 
production. The fermenter was initially filled with clear
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Table 4.3. Description of the Experiments on Single-Stage
Methane Production.
Part 1. Fermenters were lightly seeded.
Volume of fermenter = 2 1












2 Same as in experi­
ment 1
8
3 Same as in experi­
ment 1
10
Part 2. Fermenters were heavily seeded.
Volume of fermenter = 1 1








4 1 8 until reaching 
steady-state, 
then dropped to 
6.25, then 4, and 
finally, to 2.
5 1 until reaching 
steady-state, then 
increased to 2,3,4, 
and finally to 5.























Figure 4-3. The acid fermenter in two-stage methane 
production study.
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liquid effluent from the methane fermenter used in 
experiment five after the study of the fermenter 
performance using 5% feed was completed. The removal of 
methane formers from the acid fermenter was similar to 
their removal from ruminant fluid as described earlier in 
section 4.2.X.
One week after the last trace of methane disappeared 
from the gas produced in the acid fermenter the experiment 
was started.
The acid fermenter was discharged and fed daily, its 
residence time was set at two days, thus half of the 
fermenter content was replaced daily. Feed was introduced 
to the fermenter over a period of eight hours which was 
equal to the number of daily working hours of the Joan of 
Arc potato plant in St. Francisville. Since the feed pump 
could not give a very low flow rate as desired, a ratio 
controller was used, thus allowing feeding to be carried 
out in eight hours at minimum possible pump-speed. During 
feeding the feed bottle was kept in a small ice bath to 
minimize undesirable airborne microbial attack. Mixing of 
the feed was provided by a magnetic stirrer. The feed was 
1 w% alkaline sweet potato waste.
After feeding was completed the fermenter content was 
mixed by recirculation of the gas produced. A 
programmable timer set the gas-circulation pump on and off 
every other hour. Well-mixed effluent was discharged at 
the end of the one-day period and used as feed to the
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methane fermenter.
Gas produced from the acid fermenter was collected in 
an inverted graduated cylinder sealed with a liquid 
saturated with NaCl and containing enough HjSO^ to give a 
pH of about 3.
The methane fermenter was of fed-batch sludge-blanket 
type. The sludge blanket occupied one-half of the 
fermenter volume. The residence time was set at eight 
days initially, then was decreased to 6.25 days after the 
fermenter reached steady state, then to four days, and 
finally to two days. The criteria for steady state and 
the experimental variables monitored were the same as 
those used in the study of single-stage methane 
production.
2. The role of the acid formers in the second stage of 
methane fermentation.
To study the effect on the performance of a 
second-stage fermenter in the absence of acid forming 
cells in the feed, five experiments were performed. In 
each experiment the fermenter was a flask immersed in the 
37 °C water bath. The fermenter was installed with a 
gas-recirculation loop similar to the one installed on the 
acid fermenter shown in Figure 4-3. The gas-recirculation 
pump was also turned on and off every other hour by a 
programmable timer. Well-mixed effluent was discharged 
and replaced by an equal volume of feed daily. The main 
reason for operating the five fermenters as well-mixed
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reactors rather than as sludge-blankets was due to an 
insufficient supply of acclimated sludge. Since the 
purpose of these experiments was to compare the 
performance of the five fermenters, if they were of 
sludge-blanket type, the initial volumes occupied by the 
sludge-blanket would have had to be equal. In lightly 
seeded fermenters this could not be done with acceptable 
accuracy, thus it was decided to operate the fermenters in 
the well-mixed mode.
The feed to one of the five fermenters was well-mixed 
effluent from the acid fermenter described previously. 
The residence time in this methane fermenter was 10 days. 
To prepare the feed for the other four methane fermenters 
the well-mixed effluent from the acid fermenter was 
centrifuged at 5,000 rpm for 30 minutes in a Western 
Electric B-20A centrifuge; the clear supernatant was then 
filtered through Whatman 541 ashless filter paper to 
remove all the acid-forming cells and undigested solids. 
To check the efficiency of the acid-forming cell removal 
process several protein analyses were performed on the 
treated acid fermenter effluent. The concentrations of 
protein were found to always be less than 50 mg/1. The 
solid-free liquid was then used as feed for the four 
methane fermenters which had residence times of ten, 
eight, six and a quarter and four days.
All the five methane fermenters were operated until 
steady-state was reached or at least two residence times
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had elapsed.
Details of these experiments are summarized in Table
4.4.
4.2.5. Acid-formation study
The acid-formation step was studied in a continuous 
system as shown in Figure 4-4.
The fermenter was a 250 ml flask with side-arm 
opening for overflow. The total fermenter volume up to 
the overflow point was 265 ml. Mixing of the fermenter 
content was provided by a Curtin 19970-2 magnetic stirrer 
through a 2.5 cm teflon-covered stirring bar. The 
temperature was controlled by a Cole Parmer 2157 
temperature controller employing a heating tape. The pH 
was controlled by addition of 4N NaOH solution through a 
Masterflex pump activated by a Horizon 5650 pH recorder- 
controller.
Feed was introduced into the fermenter through a 
Masterflex 7520-10 pump using a 7014-20 head. To minimize 
undesirable microbial attack the feed bottle was kept in 
an ice bath at all time and the feed solution was 
blanketed with nitrogen. pH of the feed solution was 
adjusted to about 2 with phosphoric acid to prevent 
bacterial growth inside the tubing.
Gas production was measured by displacement of NaCl 
saturated solution in a sealed bottle.
Air was kept from entering the fermenter through the
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Table 4-4. Description of the Experiments on the Effect 
of Acid-Forming Cell Removal on the 






7 10 Well-mixed effluent from 
acid fermenter
8 10 Centrifuged/filtered















Figure 4-4. Apparatus for study of protein production.
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side arm by a U tube set up as shown.
The variables studied included the following.
1. Effect of pH
The pH values studied were 5.0, 5.5, 6.0, 6.5, and
7.0. Temperature was controlled at 37°C, and 1% glucose 
was used for feed.
2. Effect of temperature
The temperatures studied were 25, 30, 37, and 45°C. 
pH was controlled at the optimum value for growth obtained 
in the study of pH effect, and 1% glucose was used.
3. Effect of feed concentration
The glucose concentrations studied were 1%, 2%, 3.5%, 
and 5%. The temperature was 37°C and the pH was the 
optimum for growth.
In all the experiments described in this section the 
residence time was 5.5 hours. Inoculation was made at the 
beginning of each experiment. The fermenter was operated 
for five residence times before a sample was taken for 
analyses. All analyses were duplicated and the average 
results reported. Reinoculation was required at the end 
of each experiment to ensure the presence of a healthy 
microbial population in the fermenter before the study of 
the next variable was started. The volume of inoculum 
used was 150 ml. Occasionally an antifoam reagent was 
added to the fermenter to suppress foam formation which 




pH was measured with a Corning Model 10 pH meter with 
temperature compensation. Standard buffer solutions of pH 
4, 6, and 7 were used for occasional calibration.
2. Total solids and volatile solids.
These were determined according to Standard Methods 
(114).
Total solids were determined as residual solids 
obtained upon drying of the sample at 95°C for 24 hours 
and volatile solids as the loss of residual solids upon 
ignition at 550°C for 20 minutes.
3. Alkalinity.
Alkalinity of the highly buffered alkaline waste was 
determined by acidification, heating, and back-titration 
using 1.0N standard HC1 and NaOH solutions.
4. Soluble Carbohydrates
Soluble carbohydrates were determined as glucose 
equivalent by the phenol-sulfuric acid test developed by 
Dubois et al. (115).
5. Chemical oxygen demand (COD).
Chemical oxygen demand was determined following 
Standard Methods (114).
6. Protein
Protein was measured by the modified Biuret method of 
Herbert et al. (116).
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7. Cell dry-weight.
Total cell dry weight was determined according to the 
method of Herbert et al. (116).
8. Volatile fatty acids.
Total volatile fatty acids were determined as acetic 
acid equivalent following the procedure in Standard 
Methods (114). This procedure included adsorption of an 
acidified aqueous sample containing organic acids on a 
column of silicic acid and elution of these acids with 
n-butanol in chloroform. The eluate was collected and 
titrated with standard base.
Concentration of individual volatile fatty acids was 
determined by a Perkin Elmer Sigma 3B Gas Chromatograph. 
The column used was a 4*s inch by 1/8 inch stainless steel 
column packed with 7.5% polyethylene glycol 400 
monostearate plus 0.75% w/w H^PO^ on 60/80 acid-washed 
ethanol and acetone extracted chromosorb P. The column 
was conditioned at 130°C overnight before installation.
The working temperatures were:
* Column oven, 100°C
* Injector, 220°C
* Detector, 200°C
The detector was of the hydrogen-flame type and the 
carrier gas was helium.
Samples were pretreated before being injected into 
the gas chromatograph according to the procedure described 
in the appendix.
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The size of each sample injected into the gas 
chromatograph was 5 yl. Between injections three to five 
5 yl volumes of formic acid were injected to clean the 
column internal (117).
8. Gas composition.
Gas composition was obtained by injection of 10 ml of 
gas sample into a Varian Aerograph Series 1800 gas 
chromatograph.
The column used was a stainless steel column filled 
with 27% DC-200/500 on 30/60 Chromosorb P. Helium was the 
carrier gas. The column oven was maintained at 50°C. A 
100 DC miliamperes filament current was used for the 
thermal conductivity-type detector.
Chapter Five 
Experimental Results and Discussion
5.1. Single-Stage Methane Production
5.1.1. Performance of lightly seeded methane fermenters.
(Experiments 1-3)
In these experiments the initial volume occupied by the 
sludge blanket was one-tenth of the fermenter volume. Daily 
operating data are given in Tables A-2 to A-4 in the 
appendix. The results are summarized in Table 5-1.
Figures 5-1 to 5-3 show the progress of fermentation in 
these experiments. It can be seen that a steady state was 
reached relatively fast, in less than two residence times, 
except in experiment 1 (Figure 5-1), in which more 
concentrated feed whose actual concentration was not known, 
was mistakenly fed to the fermenter on the 13th day. The 
fact that it took a short time to reach steady state is due 
to the use of an enriched culture which had been acclimated 
to the substrates and the environment. As frequently 
pointed out by several other investigators, acclimation of 
inoculum source was necessary to ensure the existence of a 
healthy microorganism population, thus enhancing stability 
of the fermenters. If the sewage sludge was used directly 
in these experiments without being allowed to go through 
acclimation, it would require a much longer period to reach 
a steady state.
Although its examination was not planned for, the 
effect of sudden change in loading of a lightly seeded
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Table 5-1. Summary of Results for Lightly Seeded






a) gCOD/1 8.60 12.01 8.60 12.01 8.60 12.01
b) g Solids/1 9.02 12.76 9.02 12.76 9.02 12.76
Residence time 
(days) 4 4 8 8 10 10
Loading rate
a) gCOD/l-day 2.15 3.00 1.08 1.50 0.86 1.20
b) g Solids/ 
1-day 2.26 3.19 1.13 1.60 0.90 1.28
Effluent pH 6.03 6.05 7.01 7.27 7.27 7.63
Total acids 
in effluent 
(g/1 as acetic 
acid) 2.41 4.25 0.65 1.83 0.63 0.98
Proteins in
effluent
(gBSA/1) 0.519 0.768 0.249 0.405 0.221 0.357
Total solids 
in effluent 
(g/1) 6.55 9.06 4.64 7.78 4.25 7.29
COD in ef­
fluent (g/1) 7.23 10.67 2.98 7.65 2.29 4.65
Theoretical 
CH. Produc­
tion, 25 °C 
(1/1-day) 0.82 1.15 0.41 0.57 0.33 0.46
Experimental 
CH. Produc­
tion, 25 °C 





% CH. in gas
produced 47.2 42.3 62.7 63.5 65.4 68.3
Conversion (%)
a) based on CH.
production * 15.9 10.5 61.1 34.3 71.1 59.8
b) based on COD
removed 15.9 11.2 65.3 36.3 73.4 61.3
c) based on
total solids 27.4 29.0 48.6 39.0 52.9 42.9
ngpfi 1.2 * feedHeed n . Q ft fppr^0.4
CO-H
-PO3■dopCM
Mistakenly used concentrated 
feed of unknown concentration. 
Started using 0.9 % feed again 
next day.0.1
Bu
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Time (days)
Figure 5-1. Progress of fermentation in lightly seeded fermenter.
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Figure 5-2. Progress of fermentation in lightly seeded fermenter. 0 = 8  days
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Figure 5-3. Progress of fermentation in lightly seeded fermenter.














fermenter was revealed in experiment 1 after the
concentrated feed was used mistakenly. From Figure 5-1, it 
is seen that after the fermenter was overfed, all the three 
variables, methane production rate, pH, and methane 
concentration in the gas produced, increased. It can be
seen from Table 5-1 and also from Figure 5-4 in which the 
total acid concentration in the effluent is plotted against 
loading rate that as the loading rate was increased there 
was a tendency of increasing acid accumulation in the
fermenter. In this experiment the acid accumulation due to 
overloading was overcome by the high concentration of sodium 
hydroxide in the concentrated feed used, resulting in a 
higher pH. Since the solubility of carbon dioxide in the 
liquid phase increased at higher pH, the net result was an 
increase of methane concentration in the gas phase. After 
the fermenter was overfed, it was fed daily with the correct 
Q.9W% feed, the system then slowly approached a steady state 
again. As it did so, the methane concentration in the gas
phase dropped in parallel with the drop in pH which was due
to dilution with high strength sodium hydroxide solution 
when less concentrated feed was used. The fact that a 
rather long period of time (15 days) was required for the
overloaded fermenter to reach a steady state again is
consistent with the much faster growth rate of the acid 
formers compared to that of the methane formers. If the
latter microorganisms could grow as fast as the others, they 



































Figure 5-4. Characteristics of effluent from lightly 
seeded fermenters. (Experiments 1-3)
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and brought the system back to steady state in a much 
shorter time. The faster growth rate of the acid formers is 
the principal factor that usually causes instability of 
single-stage methane fermenters.
In experiments 2 and 3, the rate of methane production 
and the methane concentration stayed rather stable after a 
steady state had been reached. The pH fluctuated somewhat 
but its fluctuations were still within the range that would 
not cause serious damage to the methane formers. This was 
confirmed by the stability of the methane production rate.
When a steady state was reached, a clear sample, i.e., 
a sample taken from the liquid layer above the sludge 
blanket, and a well-mixed sample were taken for analysis. 
Characteristics of the two samples are compared in Table 
5-2. It can be seen from this table that the total acid 
concentration in a clear sample and that in the 
corresponding well-mixed one are almost identical. However, 
the concentrations of proteins, total solids, and COD, in a 
well-mixed sample are significantly higher than those in the 
corresponding clear sample. Among these variables, protein 
concentration deserves special consideration.
It was observed that at steady state the volumes 
occupied by the sludge layers in experiments 2 and 3 were 
almost equal to their initial volumes. A close examination 
indicated that these sludge layers consisted mainly of floes 
of methane formers which typically were black. Floes of 
acid formers which typically were white or light yellow were
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Table 5-2. Comparison of Characteristics of Well-Mixed and









Well mixed 2.52 4.54 0.56 1.87 0.49 0.87
Clear 2.41 4.25 0.65 1.83 0.63 0.98
Well-mixed/
Clear 1.05 1.07 0.86 1.02 0.79 0.89
Proteins 
(gBSA/1) 
Well-mixed 0.765 0.792 0.483 0.746 0.444 0.606
Clear 0.519 0.768 0.249 0.405 0.221 0.357
Well-mixed/
Clear 1.47 1.03 1.94 1.84 2.01 1.70
Total solids 
(g/l)We11-mixed 8.05 11.50 5.53 8.87 4.80 7.54
Clear 6.55 9.06 4.64 7.78 4.25 7.29
Well-mixed/
Clear 1.23 1.27 1.19 1.14 1.13 1.03
COD (g/1) 
Well-mixed 7.35 10.83 3.43 7.95 2.78 4.88
Clear 7.23 10.67 2.98 7.65 2.29 4.65
Well-mixed/





1.503 0.864 2.589 3.815 2.451 2.847
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also sighted among the others. In experiment 1 it was 
observed that on reaching a steady state the sludge volume 
had increased four times to occupy one-fourth of the 
fermenter volume. The sludge layer in this experiment 
consisted of undigested solids and floes of both methane 
formers and acid formers.
As indicated in Table 5-2, the ratios between protein 
concentrations in well-mixed samples and in corresponding 
clear samples are 1.25 and 2 for experiment 1 and for 
experiments 2 and 3, respectively. A material balance shows 
that the ratios of protein concentration in the sludge 
blanket and that in the clear layer are 11 in experiments 2 
and 3r and 2 in experiment 1. The results obtained in 
experiments 2 and 3 show the extremely high settling ability 
of the methane formers. Since the performance of a sludge 
blanket methane fermenter strongly depends on the 
maintenance of a high concentration of methane formers 
within it, the high settling ability of these microorganisms 
would be of great advantage. In other words, the microbial 
solid residence time would be greatly increased, and 
therefore, an external settling tank for recycle of 
microbial cells would not be necessary.
In experiment 1, in which the loading rates were 
highest, it was observed that a great number of particles 
having average diameter of about 3-5 mm rose continuously to 
the surface under the influence of entrapped gas bubbles. 
These particles usually consisted of two distinct portions,
91
one was packed and had a dark yellow color, the other was 
soft, foamy, and white or dark green. At the surface, the 
gas bubbles escaped through opening channels to the gas 
phase. The packed portion then stayed there, but the foamy 
portion resettled very slowly. When the fermenter was 
discharged these foamy particles were captured and removed. 
The color of these foamy particles revealed their identity 
as floes of acid formers and methane formers. Prom Table 
5-1, it is seen that at high loading rates used in this 
experiment the overall conversion was extremely low. The 
presence of large quantities of undigested solids indicated 
that conversion of the first step, i.e., the acid 
fermentation, was also low. The acid formers grew around 
the undigested solids in the sludge layer and when they rose 
together with these solids they induced the suspension of 
floes of methane formers, causing their loss in the 
effluent. The results of high loading as obtained in this 
experiment were, therefore,
a) low conversion
b) loss of microbial cells due to their induced 
suspension.
These two net results were mutually responsible for 
each other.
The concentration of total acids, total solids, and 
proteins, are plotted against loading rate in Figure 5-4. 
For clear samples, all three showed an increase with 
increasing loading. However, for the well-mixed samples,
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the protein concentration rose and then leveled off when it 
reached a value of about 0.75 g/1. The protein
concentrations in the sludge blankets are calculated by 
simple material balance and plotted against loading in 
Figure 5-5. It can be seen that the protein concentration 
in this bottom layer increased as the loading was increased 
but it then dropped drastically after a loading rate of 1.5 
g COD/l-day was reached. This tendency confirms the finding 
discussed previously that high loading rates in experiment 1 
resulted in suspension of microbial floes, hence the 
increase of protein concentration in the clear layer above 
the sludge blanket with increasing loading as indicated in 
Figure 5-4, and ultimately, the loss of microbial cells in 
the effluent. Since the cell yield coefficient of methane 
formers is very low (26) a significant increase of methane 
former concentration in the sludge blanket was very 
unlikely. Thus the increase of protein concentration in the 
sludge blanket with increasing loading up to 1.5 g COD/l-day 
as shown in Figure 5-5 is mainly due to the growth of acid 
formers.
It should be pointed out here that in Table 5-1 three 
types of conversion based on gas production, COD removal, 
and total solids destruction, are reported. As discussed 
previously, due to the complexity of the feed, the 
conversion estimated based on destruction of total solids 
would not have significant meaning in studies of methane 







Figure 5-5. Concentration of proteins in the sludge 
blanket in lightly seeded fermenters.
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percentages based on gas production and COD removal are 
almost identical. The conversion based on methane 
production is used in this discussion and in all that 
follows.
The rate of methane production and the overall 
conversion are plotted against residence time and loading 
rate in Figures 5-6 and 5-7, respectively. From Figure 5-7 
it can be seen that the rate of methane production increased 
with increasing loading but then dropped drastically when a 
loading of 1.20 gCOD/l-day was reached. Thus at higher
loading rates the increased microbial population is expected 
to be due to the growth of predominant acid formers. The 
protein concentration in well-mixed samples would be more 
meaningful than that of clear samples as the former
represents the overall protein concentration in the
fermenter. It can be seen from Figure 5-4 that after the 
overall protein concentration leveled off at about 0.75 g/1 
the acid concentration still increased with increased 
loading. This may indicate that production of volatile 
fatty acids is both growth-associated and non-growth-
associated.
Figure 5-7 also indicated that there existed a
relationship between conversion and loading rate. As
loading rate increased, conversion decreased. At the
highest loading rate of 3 g COD/l-day the conversion was as 
low as 10.5%.




















Figure 5-7. Performance of lightly seeded methane 
fermenters as a function of loading.
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methane production increased with increasing residence time. 
For 0.9W % feed the rate of methane production at a ten-day 
residence time was slightly lower than that at eight-day 
residence time. It would be more significant to examine the 
relationship between conversion and residence time. It can 
be seen from the same plot that for both feed concentrations 
conversion increased with residence time. The highest 
conversion percentages obtained at 10-day residence time 
were 71.1 and 59.8 for 0.9W % feed and 1.20w % feed, 
respectively. It should be noted that these are not the 
maximum possible conversion percentages since higher 
conversion percentages would be expected at higher residence 
times. However, it is also expected that increase of 
residence time beyond 10 days would not give significant 
improvement of conversion. In addition, the operation of a 
methane fermenter at residence times higher than 10 days 
does not seem to be economically justifiable.
pH of the effluent and methane concentration in the gas 
produced are plotted against loading rate in Figure 5-8. At 
low loading rates, the effect of loading on pH and methane 
concentration was not very profound. However, at high 
loading rates, acid accumulation lowered the pH 
significantly, thus reducing carbon dioxide solubility in 
the liquid phase, resulting in a significant decrease of 
methane concentration in the gas phase. At the highest 










Figure 5-8. Effect of loading on pH and quality of 
the gas produced in lightly seeded 
fermenters.
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5.1.2. Performance of heavily seeded methane fermenters 
(Experiments 4, 5, and 5A).
In experiments 4, 5, and 5A the initial volume occupied 
by the sludge blanket was one-half of the fermenter volume. 
The findings of experiments 4 and 5 and part of those of 
experiment 5A are discussed together. Other findings of 
experiment 5A are discussed separately.
In experiment 4 the feed used was lw % and the residence 
time was reduced from eight to six and a quarter, four, and 
finally, two days. In experiment 5 the residence time was 
maintained at four days and the feed concentration was 
increased stepwise from 2 to 3, 4, and 5W %. In part of
experiment 5A for which the results are discussed here the 
feed was 5W % and the residence time was eight days. Daily 
operating data are given in Tables A5, A6, and A7 in the 
appendix, and the results are summarized in Tables 5-3 and 
5-4.
It was observed in these experiments that the sludge 
blanket consisted of black spherical particles of about 1 mm 
in diameter. Their appearance suggested that they were 
microorganisms entangling themselves with inert materials. 
In fact, in protein analyses for well-mixed samples taken at 
the end of the experiments it was found that the sludge 
contained large quantities of non-protein materials. Their 
presence caused inaccurate determination of protein in the 
sludge layer. It can only be stated qualitatively that the 
protein concentration in the sludge layer was about 15 to 20 
times that in the clear liquid layer above it; the exact
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Table 5-3. Summary of Results for Heavily Seeded




8 6.25 4 2
Feed
a) gCOD/1 9.20 9.20 9.20 9.20
b) g Solids/1 10.10 10.10 10.10 10.10
Loading
a) gCOD/1-day 1.15 1.47 2.30 4.60
b) g Solids/ 
1-day 1.26 1.62 2.53 5.05
Effluent pH 6.90 6.91 6.83 6.85
Total acids 
in effluent 
(g/1 as acetic 
acid) 0.25 0.05 0.06 0.23
Proteins in
effluent
(gBSA/1) 0.107 0.288 0.463 0.532
Total solids 
in effluent 
(g/1) 4.95 4.28 3.59 5.35
COD in ef­
fluent (g/1) 1.78 1.83 2.46 2.89
Theoretical 
CH. Produc­
tion, 25 °C 
(1/1-day) 0.44 0.56 0.88 1.76
Experimental 
CH. Produc­
tion, 25 °C 







% CH. in gas 
produced
Conversion (%)
a) based on CH. 
production
b) based on COD 
removal



















Table 5-4. Summary of Results for Heavily Seeded 
Single-Stage Methane Fermenter Using 
Concentrated Feed. (Experiments 5 and 5A)
Experiment Number 5 5A
Residence time 
(days)
4 4 4 4 8
Feed
a) gCOD/1 22.10 31.72 39.97 47.17 47.17
b) g Solids/1 19.94 31.25 41.18 50.21 50.21
Loading 
a) gCOD/1-day 5.53 7.93 9.99 13.06 6.53
b) g Solids/ 
1-day 4.99 7.81 10.30 12.55 6.28
Effluent pH 7.02 7.17 7.20 7.17 7.01
Total acids 
in effluent 
(g/1 as acetic 
acid) 0.61 1.33 2.63 2.84 1.83
Proteins in
effluent
(gBSA/1) 0.869 0.911 0.990 1.215 0.885
Total solids 
in effluent 
(g/1) 10.12 18.24 21.25 29.18 17.97
COD in ef­
fluent 








(1/1-day) 1.15 1.49 1.64 1.67 1.55
10 3
Table 5-4 (cont'd.)
Experiment Number 5 5A
Residence time 
(days)
4 4 4 4 8
% CH. in gas 
produced 64.6 60.4 58.5 53.1 60.1
Conversion (%)
a) based on CH. 
production 54.6 49.3 43.0 33.4 62.0
b) based on COD 
removal 63.8 52.3 59.9 39.5 66.9
c) based on
total solids 49.2 41.6 48.4 41.9 64.2
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concentration is not known, unfortunately.
About 1 to 2 hours after feeding, the fermenter was
extremely quiescent. However, this state was abruptly ended
by the sudden occurrence of swarms of tiny gas bubbles that
rose together and carried with them great quantities of
sludge particles. After the gas bubbles escaped to the gas
phase at the surface these particles spread out and sank
quickly to the bottom and would soon be carried upwards
again. The agitation was so vigorous that the fermenter
content can be compared with a fluidized bed. In experiment 
w4 in which 1 % feed was used this phenomenon occurred for 
about 6 to 8 hours. In experiment 5 the agitating period 
was about 10 to 12 hours when 2W % feed was used, when higher 
concentrations were used the agitation was less vigorous and 
with the use of 5W% feed it disappeared totally. This 
phenomenon can be explained as follows.
After feeding of the fermenter was completed the acid 
formers started converting the substrate to volatile fatty 
acids. At the same time the methane formers consumed these 
acids to produce methane and carbon dioxide. Since the rate 
of formation of these acids was much faster than the rate of 
their consumption the net result was a continuous increase 
of acid concentration. Consequently, the rate of gas 
production would also increase in parallel with increasing 
acid concentration. When the acid concentration reached a 
certain level the rate of gas production was so high that it 
resulted in the formation of swarms of gas bubbles which
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rose and carried with them the sludge particles as described 
above. The concentration of the substrate for acid formers 
would soon reach a low level causing a drop in the rate of 
acid formation. However, at that time the rate of gas 
formation was still high, and eventually it would result in 
a decrease of acid concentration. Consequently, the rate of 
gas formation would decrease and the fermenter content would 
become quiescent as before. The fact that this phenomenon 
was less vigorous at high substrate concentrations and did 
not occur when 5W% feed was used was probably due to 
substrate inhibition. It was not a consequence of increase 
in pH due to feeding of concentrated highly alkaline feed 
because analysis of well-mixed samples taken immediately 
after feeding indicated that the pH was never above 7.8. 
However, whether the possible substrate inhibition was on 
acid formation or on methane formation was not known. It is 
clear that in order to answer this interesting question 
samples could be taken over a period of time following 
feeding and analyzed for total acids. If the initial rate 
of acid formation increases proportionally with increasing 
substrate concentration then the substrate inhibition would 
be on the methane formation; otherwise it would be the acid 
formation that suffers the substrate inhibition effect. 
Unfortunately, this was not given enough attention during 
the course of these experiments and hence was not carried 
out.
It is interesting to note that Pfeffer (95) has pointed
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out that at high microbial solids residence time, the rate 
of methane production was so fast that the rate limiting 
step would then become the acid fermentation. However, this 
does not seem to be true in this investigation. If the 
methane formation was the faster step there would not be the 
lag period and the rate of methane production would be
almost constant throughout. In modelling of anaerobic 
fermenters, the choice of the rate limiting step is highly 
important (26, 118). As pointed out dn Chapter 3, the most 
recently developed anaerobic fermenters for methane 
production include those having extremely high microbial
solids residence time, e.g., the anaerobic filter and the 
sludge blanket upflow reactor. Since a correct choice of 
the rate limiting step would be necessary for the modelling 
of these new fermenter types, it is obvious that this matter 
deserves more study.
The phenomenon observed in these experiments indicates 
that the high rate of gas production and the self agitation 
of the fermenter content mutually supported each other. The 
agitation was first induced by the high rate of gas 
production; it then, in turn, provided good mixing and
helped to maintain a high rate of gas production over a 
period of time. If the substrate concentration within the 
fermenter can be maintained above some certain level, e.g., 
by early discharge and refeeding, but below the limit that 
substrate inhibition may occur, it would be possible to
maintain a constantly high rate of gas production. The
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conversion, however, may be low in this case. Therefore, 
optimal operation of a methane fermenter of this type should 
include a balance of feed concentration and fermenter 
residence time which would introduce a compromise between 
rate of gas production and conversion.
In the discussion that follows, experimental findings 
are discussed on more quantitative grounds.
The progress of fermentation in experiments 4, 5, and 
5A are shown in Figures 5-9, 5-10, and 5-11, respectively. 
It can be seen from these figures that in all cases the 
buffer capacity of the fermenters was very high. This is 
indicated by extremely small fluctuations of pH which was 
maintained very close to 7. The rate of methane production 
was also relatively stable, especially at low loading rates. 
When high concentration feeds were used, it had some 
fluctuation but the highest deviation from the average value 
was still less than 10%. The percentage of methane in the 
gas produced was also stable as indicated by small 
fluctuation. There existed a tendency of methane percentage 
to decrease with increasing loading rate. At the lowest 
loading rate of 1.2 g COD/l-day (lw% feed, 6=8 days) the 
percentage of methane in the gas produced was 70.7% whereas 
at the highest loading rate of 13.1 g COD/l-day (5W% feed, 
6=4 days) it dropped to 53.1%. This tendency is discussed 
later.
Figures 5-9 and 5-10 show how the fermenters responded 
when subjected to disturbances caused by reducing residence
Started with 6= 8 days
1. Reduced 6 to 6.25 days
2. Reduced 6 to 4 days
3. Did not feed
4. Resinned feeding
5. Did not feed
6. Resumed feeding - Reduced 
6 to 2 days. .
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Figure 5-9. Progress of fermentation in heavily seeded methane fermenter using
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Figure 5-10. Progress of fermentation in heavily seeded methane fermenter using
concentrated feed - Fermenter volume = 1 1 -  Sludge blanket
volume = 0.5 1.
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feed.
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Figure 5-11. Progress of fermentation in heavily seeded methane fermenter using 5 % 
feed - Effect of removal of soluble materials in the feed.
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time and by increasing feed concentration, respectively. It 
can be seen that in both cases a new steady state was 
reestablished almost instantaneously after a disturbance was 
introduced. Pfeffer (95) has pointed out that the microbial 
solids residence time was the most important factor 
controlling the degree of stabilization of an anaerobic 
fermenter. The longer the time factor, the higher the 
degree of stabilization would be. Since in the sludge 
blanket fermenters used in this investigation the microbial 
solids residence time was extremely high, their quick 
adjustment to a new steady state after a disturbance was 
introduced would be expected.
The results of experiment 4 are plotted in Figures 5-12 
and 5-13. Figure 5-12 shows that there did not exist any 
relationship between residence time and concentration of 
total acids and total solids in the effluent. Also from 
this figure it can be seen that as the residence time was 
decreased the protein concentration in the effluent 
increased. It is more significant to examine the 
relationship between these quantities and loading rate. 
This examination is done after the results of experiment 5 
are presented.
Figure 5-13 shows that when the residence time was 
decreased the rate of methane production increased and the 
total conversion decreased. Since the feed concentration 
was lw % throughout, the direct consequence of reducing 
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Figure 5-12. Characteristics of effluent from heavily












Figure 5-13. Effect of residence time on rate of methane 
production and conversion in heavily seeded 
fermenter using 1 % feed. (Experiment 4)
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the increase of rate of methane production and the decrease 
of conversion. It should be noted that the decrease of 
conversion with increasing loading rate was also observed in 
experiments 1 to 3, in which the fermenters were lightly 
seeded.
Since one-half of the fermenter volume was occupied by 
the sludge blanket the minimum possible residence time was 
two days. This is extremely short compared with residence 
time in other conventional anaerobic digestion systems using 
feeds of equal or lower concentration. Even at this low 
residence time the conversion was still as high as 65.6% and 
the rate of methane production was 1.2 1/1-day.
The results of experiment 5 are plotted in Figures 5-14 
and 5-15. It should be noted that the points corresponding 
to lw % feed are plotted using the results of experiment 4 
when the residence time was set at four days which is the 
same as that used in experiment 5.
Figure 5-14 shows the effect of feed concentration on 
the characteristics of the effluent. It can be seen that as 
the feed concentration was increased, the concentration of 
total acids, total solids, and proteins, in the effluent 
also increased.
Figure 5-15 shows the effect of feed concentration on 
the rate of methane production and the conversion based on 
gas production. As the feed concentration was increased, 
the conversion decreased and the rate of methane production 
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Figure 5-14. Effect of feed concentration on the
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beyond 3W % it can be seen that the curve showing the 
relationship between the rate of methane production and feed 
concentration tends to level off, indicating a maximum rate 
of methane production. At the highest feed concentration of 
5W % the rate of methane production was 1.7 1/1-day. As seen 
in Figure 5-15 this rate is very close to the maximum value.
To study the effect of loading the results of 
experiments 4 and 5, and those of the first part of
experiment 5A are plotted in Figures 5-16 through 5-19.
Figure 5-16 shows the increase of protein concentration 
and total solid concentration in the effluent with
increasing loading rate. The total solid concentration
increased linearly whereas the protein concentration seemed 
to approach a limiting value.
It should be recalled that the bacterial population 
within the fermenter included both acid formers and methane 
formers which when aggregating to form floes of cells can be 
recognized easily by their color, the former being white or 
light yellow and the latter black or dark green. During the 
course of the experiments it was observed that the sludge 
layer maintained its initial volume, the sludge particles 
maintained their size and their black color, and no floes of 
acid-forming cells and very few undigested sweet potato
solids were sighted within the sludge layer. Since the acid 
formers grow much faster and have a much higher cell yield 
































Figure 5-16. Effect of loading rate on the concentration 
of total solids and proteins in the effluent 
from heavily seeded fermenters.
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especially when loading rates were increased. The fact that 
no such accumulation was sighted may indicate the lysis of 
acid-forming cells by methane formers, possibly to supply 
the protein required for their maintenance and growth. This 
is important in the operation of a two-stage methane 
fermentation system and is discussed in section 5-2. In the 
clear liquid layer above the sludge blanket the 
concentration of methane formers was low, thus lysis of 
acid- forming cells would be less extensive, allowing for 
accumulation of these cells. Consequently, when the loading 
rate was increased, an increase of protein concentration in 
the clear layer due to the growth of acid-forming cells 
would be expected. This is indeed the case as shown in 
Figure 5-14. The fact that the protein concentration in the 
clear layer approached some limiting value may indicate some 
type of inhibition on the growth of acid formers. Since in 
these experiments the acid concentration was not very high, 
the highest one was still below 3 g/1, it is more likely 
that the inhibition was due to the substrate rather than the 
products.
From Table 5-4 it can be seen that at the highest 
loading rate of 13 g COD/l-day the overall conversion was 
33.4% and the corresponding total acid concentration was 
2.8 g/1. At high loading rates which gave low overall
conversion, very few undigested sweet potato solids were 
sighted and the total acid concentration was relatively low. 
This indicates that hydrolysis of solids was almost
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completed but acid fermentation was still far from
completion. Or to say it another way, the amylase activity 
appeared to be much faster than the glucosidase.
It should be noted that the total solids measured 
included both suspended solids and soluble solids. The 
soluble solids in these experiments included the inorganic 
salts in the feed and the soluble carbohydrate products of 
the hydrolysis of sweet potato particles. The increase of 
total solid concentration with increased loading may 
indicate the increase of concentration of both of them.
Figure 5-17 shows the increase of total acid 
concentration as a result of increased loading rate. It can 
be seen that at high loading rates when the protein 
concentration in the effluent started to level off as shown 
in Figure 5-16, the total acid concentration was still
increasing linearly. This was similar to the observation of 
the case of lightly seeded methane fermenters, which
indicated that acid production was both growth-associated 
and non-growth-associated.
The effect of loading rate on rate of methane 
production and overall conversion is examined in Figure
5-18. As the loading rate was increased the overall 
conversion decreased. This tendency was also observed in 
the case of lightly seeded methane fermenters as discussed 
in section 5.1.1. The rate of methane production followed a 
reverse route, i.e., it increased with increasing loading 





















Figure 5-17. Effect of loading rate on the concentration 










































Figure 5-18. Effect of loading on rate of methane 
production and conversion in heavily 
seeded fermenters.
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about 8 g COD/l-day the rate of methane production started 
to level off. A limiting rate of methane production can be 
estimated to be about 1.7 1/1-day. The total acid 
concentration at which the rate of methane production 
started to level off was about 1.5 g/1. In the case of 
lightly seeded methane fermenters this concentration was 
about 1 g/1 and the corresponding loading rate was 1.2 g 
COD/l-day. In both cases the adverse effect on the rate of 
methane production should not be an indication of substrate 
inhibition caused by high acid concentration since McCarty 
et al. (119) have pointed out that volatile fatty acids were 
not toxic to methane fermentation at concentrations below 6 
g/1. It was possibly a result of the high concentration of 
Na+ ions (74) which came from the NaOH used in the peeling 
of the sweet potatoes. If this is indeed the case, the fact 
that the heavily seeded fermenters could sustain higher 
toxicity limit of Na+ ions was probably due to the much 
higher concentration of methane formers in these fermenters.
From the results plotted in Figure 5-18 it is obvious 
that 8 g COD/l-day is the maximum loading rate which should 
be used for methane production, above this limit the rate of 
methane production would not increase significantly, whereas 
the conversion would continue to decrease. The conversion 
at this loading is estimated to be about 50%.
Figure 5-19 shows that as the loading rate was 
increased the methane concentration in the gas produced 














Figure 5-19. Effect of loading rate on the quality of 
the gas produced in heavily seeded 
fermenters.
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close to 7. Thus it was expected that the carbon dioxide 
solubility in the liquid phase would not be affected by 
increasing the loading rate. The tendency shown in Figure 
5-19 indicates that as the rate of methane production 
increased with increasing loading rate, the rate of carbon 
dioxide production not only increased as well, but much 
faster. As discussed in Chapter 3, (Table 3-1 and Figure 
3-1) , Bryant (35) has pointed out that carbon dioxide was 
produced in the conversion of propionic, butyric, and other 
acids to acetic acid and hydrogen. Some of the carbon 
dioxide produced would then react with hydrogen to form 
methane and water. It is probable that the increase of acid 
production due to increased loading (see Figure 5-17) had 
caused the rate of carbon dioxide production to increase so 
fast that the quantity of the gas produced was more than 
enough to compensate for the quantity consumed to produce 
methane in the next reaction. This resulted in an increase 
of carbon dioxide concentration in the gas phase. This may 
also have occurred in the lightly seeded fermenters but was 
shadowed by the decrease of carbon dioxide solubility with 
decreasing pH due to accumulation of acids as loading was 
increased.
Comparison of the results obtained in lightly seeded 
and heavily seeded fermenters indicates that the latter had 
many advantages over the former. These are discussed below:
a) The heavily seeded fermenters could handle a much 
higher loading rate; in this investigation the highest value
12 9
was 13 g COD/l-day, at which no obvious evidence of 
fermenter failure occurred. However, as discussed 
previously, the maximum practical loading rate was found to 
be 8 g COD/l-day because above this the rate of methane 
production based on unit fermenter volume did not increase 
significantly. In lightly seeded fermenters failure 
indicated by a decrease of rate of methane production 
occurred at a loading of 1.2 g COD/l-day.
b) The heavily seeded fermenters could handle a more 
concentrated feed. Although the rate of methane production 
started to level off when a feed concentration of 3W% was 
used at four-day residence time, possibly due to the 
toxicity of high concentration of Na+ ions as discussed 
previously, no obvious failure was observed even when the 
feed concentration was increased up to 5W %. At the same 
residence time the lightly seeded fermenters could not even 
handle a feed concentration as low as 0.9W%.
c) The heavily seeded fermenters could be operated at 
lower residence time, thus despite the higher fraction of 
fermenter volume occupied by the sludge blanket, the 
fermenter volume required for a constant feed rate would be 
smaller. In this work, when lw % feed was used, the heavily 
seeded fermenter could be operated at a residence time of 
two days and still attain an overall conversion of 65.6%. 
When an approximately equal feed concentration was used, 
failure in lightly seeded fermenters occurred at a residence 
time of four days.
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d) The heavily seeded fermenters gave a higher maximum 
rate of methane production, which was 1.7 1/1-day in this
work. The corresponding rate in the lightly seeded
fermenters was 0.3 1/1-day.
e) Although it was not proven directly, the fact that 
the heavily seeded fermenters could handle higher loading 
rates, higher feed concentration, and shorter residence 
time, implied that their operation would also be more 
stable. Therefore, when a disturbance is introduced they 
would reapproach a new steady state faster, provided that 
the new set of operating conditions caused by the 
disturbance were still below the limit at which failure may 
occur.
5.1.3. Effect of removal of soluble material in the feed on
methane production. (Experiment 5A) “
The possibility of producing single cell protein by 
anaerobic fermentation of alkaline sweet potato wastes was 
given serious consideration after it was accidentally 
discovered that the acid-forming cells had rather high 
settling ability. This is unlike most of the aerobic single 
cell proteins which usually require high-speed 
centrifugation for their separation from the liquid growth 
medium (120). Thus the cost for recovery of these acid- 
forming cells could be reduced tremendously. Since the high 
purity of the single cell protein produced was desirable, a 
scheme was proposed in which the clear liquid portion of the 
waste which contains only the solubilized materials would be 
used for single cell protein production using the acid
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formers developed in this work and the residual portion of 
the waste would be used for methane production. It was 
suspected that all the nutrients required for the growth of 
the bacterial populations in a methane fermenter were 
soluble, hence a large fraction of these would be removed in 
the clear liquid. Consequently, to support the growth of 
these microorganisms on the residual waste, the addition of 
nutrients may be necessary. The purpose of this experiment 
was to find an answer to this question.
Since the highest concentration of alkaline sweet 
potato waste which is usually generated in a potato 
processing plant is about 5W %, this concentration was chosen 
for this study. The main reason behind this choice was 
because the recovery cost would decrease with increasing 
protein concentration, which, in turn, was expected to 
increase with increasing feed concentration.
In the first part of the experiment the normal 5W% feed 
was used. After steady state was reached it was switched to 
a specially prepared feed in which a large fraction of the 
soluble matter had been removed. The first step in 
preparation of this feed was to dilute the concentrated 
alkaline sweet potato waste to make 10 liters of 5W % feed. 
The 5W % feed was stirred vigorously to ensure that all the 
soluble matter was dissolved. The insoluble material was 
then allowed to settle over a period of five hours, thus 
creating a relatively clear supernatant. 4.65 liters, which 
was as much of this clear liquid as possible, was removed
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and an equal volume of tap water was added to the residual 
feed. The final slurry was then used as feed for the 
fermenter.
The characteristics of the 5W % feed used in the first 
part of the experiment are given in Table 4-1 and those of 
the feeds involved in the second part in Table 5-5. The 
results are summarized in Table 5-6.
From Table 5-5 it can be estimated that 30.7% of the 
total solids and 32.7% of the COD in the original feed were 
removed as soluble matter in the clear liquid. The total 
solids included both soluble solids and suspended solids and 
its estimation for the clear liquid also accounted for the 
inorganic salts and the soluble carbohydrates which were 
originally in the concentrated waste. The reactions between 
the starch and sodium hydroxide at the relatively high 
temperature used during the peeling process formed several 
saccharinic acids and a variety of acids and aldehydes 
(121,122). These degradation products were soluble and 
hence also were removed. Since they were volatile they did 
not show up in the total solid analysis but they, together 
with other organic substances, accounted for the total COD 
of the clear liquid.
The progress of fermentation in this experiment is 
shown in Figure 5-11. After a steady state was reached for 
the use of 5W% feed, feeding was discontinued for two days. 
The fermenter was then fed with the residual feed when 
feeding was resumed. The fermenter reached a new steady
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Total solids (g/D 50.25 38.18 33.12
Volatile solids (g/1) 28.98 19.88 18.52
COD(g/D 50.48 34.10 35.54
Volatile acids 






(*) This was not the feed used in the first part of this 
experiment. The characteristics of that feed are 
summarized in Table 4-1.
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state after only two days and its operation afterwards was 
very stable as shown by an almost constant rate of methane 
production and small fluctuations of pH and methane
concentration in the gas phase.
During the second part of the experiment, the rate of 
methane production was lower due to a decrease in loading. 
The loading rate and the rate of methane production were 
4.3 g COD/1-day and 1.1 1/1-day, respectively. The
corresponding conversion was 68.4%. The results of
experiment 5 in which the original wastes were used as feed 
indicate that at the same loading rate the overall
conversion would be 68.2%, which matches very well with the
conversion obtained in this experiment. This shows that 
after a large fraction of the soluble matter was removed the 
residual waste could still be used for methane production 
without any nutrient addition. This was probably because 
not all of the salts in the waste which were the sources for 
the required nutrients, were soluble and could only be 
released upon the hydrolysis of starch molecules during 
their fermentation.
As discussed in section 5.1.2., there was a practical 
limit to loading rate beyond which the rate of methane 
production would not increase significantly. This was 
suspected to be a result of Na+ ion toxicity. If this 
toxicity effect was the sole cause of declining fermenter 
performance a higher limit on loading rate could be reached 
with the use of residual feed as its Na+ ion concentration
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was much lower than that in the original feed due to the 
removal of these ions in the clear liquid. The lower Na+ 
ion concentration of the residual feed is indicated by a 
lower alkalinity as shown in Table 5-5. It is obvious that 
the use of residual feed for methane production deserves 
more study.
5.2. Two-Stage Methane Production
The two-stage methane production system included an 
acid fermenter and a methane fermenter. The operation of 
this system is described in Chapter 4. Daily operating data 
are summarized in Tables A-8 and A-10 in the appendix.
5.2.1. Separation of acid formers and methane formers
In a two-stage system the two steps involved are
carried out in two separate fermenters. Only the gas 
produced in the methane fermenter which is rich in methane 
is recovered for use. Methane produced in the acid 
fermenter is lost in the overhead gas which is rich in
carbon dioxide. Thus the presence of methane formers in the 
acid fermenter is undesirable and complete separation of 
these from the acid formers must be achieved before the
two-stage system can be put into operation. At the
beginning of this research several attempts were made to 
separate the two groups of microorganisms.
In the first attempt air was bubbled through a flask 
containing both sets of microorganisms continuously for 24 
hours. The flask was then used as an acid fermenter with 
lw % feed. During the first week gas analysis indicated only
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traces of methane. However, the methane concentration 
started increasing in the second week and by the end of the 
third week the gas produced contained about 50% methane.
At that time growth of cells having the typical black color 
of methane formers was observed on the sides of the flask. 
Floes of black methane formers were also sighted 
occasionally among the light yellow floes of acid formers at 
the bottom of the flask when gas recirculation was stopped.
In the second attempt alkaline shock was used. A 
volume of 750 ml of lw % feed was added to 250 ml inoculum in 
a 1 liter flask. The pH measured immediately after feed 
addition was 9.0. It was expected that the acid formers 
could sustain a more severe shock than the others and hence 
would survive. However, after three days the system did not 
show any microbial activity as indicated by a high pH of 
8.75 and no gas production. The pH shock imposed on the 
system thus killed both groups of microorganisms.
In the third attempt the acid fermenter was fed lw% 
feed daily. After three days the feed concentration was 
increased to 2W %. Both methane concentration in the gas 
produced and pH decreased gradually. At the end of day 10, 
the last trace of methane disappeared and the pH was 5.05. 
From then on the fermenter was fed lw % feed daily. During a 
period of two weeks feeding was discontinued occasionally 
but the pH was still maintained at 5.1-5.2 and no trace of 
methane was found in the gas produced. This indicated the 
complete separation of the methane formers from the acid
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formers. The fermenter was operated for one more week 
before the two-stage system was started.
In the attempts made to separate the methane formers 
from the acid formers the operating conditions of the 
fermenter were the same as those of the acid fermenter in 
the two-stage system. The original inoculum source used was 
the clear liquid effluent from the methane fermenter used in 
experiment 5 after the study of its performance using 5W% 
feed was completed. Since the methane formers were allowed 
to settle to the bottom of this fermenter, the clear liquid 
from it contained only a small quantity of those 
microorganisms, thus simplifying their removal.
Gautreaux (12) , and Ghosh and Pohland (27) successfully 
separated methane formers from acid formers by operating a 
fermenter at residence times which was low enough to result 
in wash-out of the slow-growing methane formers. Although 
these investigators also achieved complete separation their 
method was slightly less effective than the one used in this 
investigation. Overloading a fermenter having low 
concentrations of methane formers will cause a sudden 
decrease of pH to a value which will quickly deactivate 
methane formers leaving the acid formers unharmed. Thus 
complete separation can be achieved within less than a week. 
Removal of methane formers by growth kinetic control is 
expected to require more time and in some cases may not 
bring about complete separation since some species of
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methane formers could grow almost as fast as the acid 
formers (27).
5.2.2. Performance of the acid fermenter
The acid fermenter was operated over a period of 140 
days. During the first 40 days concentration of total acids 
was determined daily using the silicic acid adsorption 
method (114). This analysis was then performed less 
frequently after it was observed that the operation of the 
fermenter was relatively stable. Other variables monitored 
daily were pH and gas production. The rate of gas 
production was low, usually ranging between 0,1-0.2 
liter/day. Thus before discharge the inverted cylinder used 
for gas collection was filled with nitrogen to keep the 
sealing solution from being sucked back into the fermenter. 
Gas analysis indicated the presence of nitrogen and carbon 
dioxide in the gas produced. Absolutely no trace of methane 
was ever observed. Because of the constant dilution with 
nitrogen it was not possible to estimate accurately the rate 
of production of carbon dioxide.
A total of 15 samples were taken randomly over the 
operating period. Results of their analyses are given in 
Table A-9 in the appendix. Averages of these and other 
calculated results are summarized in Table 5-7.
It can be seen from Table 5-7 that the COD of the 
effluent was lower than that of the feed. Theoretically, if 
carbon dioxide were the only gas produced there would not be 
much loss of COD in the acid fermenter. Bryant (35) has
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Table 5-7. Results of acid fermentation in the two-stage 
system.
Feed, a) COD (g/1) 9.20
b) Solids (g/1) 10.10
Residence time (days) 2
Loading: « a) g COD/l-day 4.60►
b) g solids/l-day 5.50
Effluent: a) COD (g/1) 8.67
Loss of COD (g/l-day) 0.26
% loss of COD/day 5.7
b) Total solids (g/1) 7.07
c) Suspended solids (g/1) 1.01
d) Volatile solids (g/1) 3.57
e) Proteins (g BSA/1) 0.447
f) Cells (g/1, assuming
50 % is protein) 0.894
g) Acids: *Acetic acid (g/1) 2.17
♦Propionic acid (g/1) 0.57
*n-Butyric acid (g/1) 0.76
*i-Butyric acid (g/1) 0.08
h) pH 5.20 
Product yield coefficients:
a) Acetic acid (g acid/g cell) 2.43
(g acid/g COD fed) 0.26
b) Propionic acid (g acid/g cell) 0.63
(g acid/g COD fed) 0.07
c) n-Butyric acid (g acid/g cell) 0.85
(g acid/g COD fed) 0.09
d) i-Butyric acid (g acid/g cell) 0.09
(g acid/g COD fed) 0.01
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pointed out in his three-stage methane fermentation scheme 
that hydrogen was a co-product in the acid formation step. 
In the absence of methane formers the hydrogen produced 
would escape into the gas phase, resulting in a decrease in 
COD of the system. The observed COD loss indicated that 
hydrogen was produced in the acid fermenter. Because of the 
small quantity of gas produced, the rate of hydrogen 
production could not be determined by analytical method. 
The loss of COD in the acid fermenter was 0.26 g COD/l-day
which was equivalent to 5.7% of the total COD in the feed.
Based on this COD determination, the rate of hydrogen 
production can be estimated as 0.016 mole/l-day. If ideal 
gas behavior is assumed, this rate is equivalent to 0.40 
1/1-day which is more than twice the total gas production 
rate. The inconsistency was probably due to unavoidable 
errors in COD analysis. If the hydrogen concentration in 
the gas produced is assumed as 50 mole % (72) , for a total
gas production rate of 0.2 1/1-day, the rate of hydrogen
production can be estimated as 0.004 mole/l-day. The 
equivalent COD is 0.07 g/l-day or 1.4% of the total COD in 
the feed. Despite all the approximations used, the 
important conclusion is the COD loss in the acid fermenter 
as hydrogen was negligible.
The concentrations of individual acids and their yield 
coefficients are also included in Table 5-7. It is seen 
that acetic acid has the highest yield coefficient. The
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acid distribution is 60.8, 15.8, 21.1, and 2.3W %, or 67.8,
14.3, 16.1, and 1.8 mole % for acetic, propionic, n-butyric, 
and iso-butyric acid, respectively. Similar results were 
obtained by de la Torre and Goma (80), and Ghosh and Pohland 
(27) .
The COD equivalent of the organic acids produced is 
4.7 g/1 or 51% of the COD in the feed. Low concentrations 
of these primary products indicated incomplete conversion in 
the acid fermenter. The presence of sweet potato particles 
in the effluent was also observed, indicating incomplete 
hydrolysis of these particles to glucose.
Progress of fermentation in the acid fermenter during 
the first 40 days of its operation is plotted in Figure 
5-20. Although the total acid concentration had some 
fluctuations the fermenter pH stayed relatively stable. 
Daily operating data over the remaining period (Table A-8) 
also indicate a steady-state operation of the acid 
fermenter.
5.2.3. Performance of the methane fermenter
Progress of fermentation in the methane fermenter is 
plotted in Figure 5-21. The results are summarized in Table 
5-8 and plotted in Figures 5-22 and 5-23.
Relatively constant rate of methane production that is 
shown in Figure 5-21 indicates stable operation of the 
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Figure 5-20. Progress of fermentation in the acid fermenter of the two-stage 
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Table 5-8. Results of fermentation in the heavily seeded 
methane fermenter of the two-stage system.
Residence time (days) 8 6.25 4 2
Peed: a) g COD/1 8.67 8.67 8.67 8.67
b) g solids/1 7.07 7.07 7.07 7.07
Loading: a) g COD/l-day 1.08 1.39 2.17 4.34
b) g solids/ 
1-day 0.88 1.13 1.77 3.54
Effluent characteristics:
a) pH 7.04 7.00 6.94 6.90
b) Total acids 
(g/1 as acetic 
acid) 0.12 0.50 0.14 0.53
c) Proteins 
(g BSA/1) 0.144 0.237 0.334 0.65:
d) Total solids 
(g/1) 3.08 3.63 3.83 2.67
e) Volatile
solids (g/1) 0.52 0.46 0.53 0.66
f) COD (g/1) 1.89 1.95 1.98 2.43
Theoretical CH. 
production (1/1-day) 0.41 0.53 0.83 1.66
Experimental CH. 
production (1/1-day) 0.36 0.45 0.67 1.24
Conversion (%)
a) based on CH. 
production 86.5 84.8 80.9 74.8
b) based on COD 
removal 78.2 77.6 77.2 72.0
% CH. in the gas 
produced 71.9 73.4 69.1 70.9
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and the percentage of methane in the gas produced, these 
fluctuations are small. It is seen in Figure 5-22 that 
there does not exist any positive relationship between 
residence time and concentrations of total acids and total 
solids of the effluent taken from the clarified liquid layer 
in the fermenter. However, as the residence time is
decreased, the effluent protein concentration is increased.
In the methane fermenter, the methane formers were 
concentrated in the sludge blanket where they aggregated to 
form relatively packed spherical microbial particles. It 
was observed that immediately after feeding the foamy
acid-forming microbial floes and undigested sweet potato 
particles formed a light yellow layer on the top of the
black sludge layer. During the first seven or eight hours
after feeding the rate of gas production was extremely high; 
swarms of gas bubbles rose and carried with them floes of 
methane and acid formers as well as undigested sweet potato 
particles. After the gas bubbles escaped at the surface 
these sank back to the bottom only to be carried upwards 
again. This phenomenon was also observed in the heavily 
seeded single-stage methane fermenter. When the rate of gas 
production became too low to give agitation to the fermenter 
contents the suspended solids settled. The floes of methane 
formers and the undigested sweet potato particles were 
packed more and were also heavier, thus they settled faster 
to form a heavy sludge layer which was a heterogeneous 



















Figure 5-22. Effect of residence time on the characteris­
tics of the effluent from the methane 
fermenter of the two-stage system.
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slower, forming a layer of purely themselves on top of the 
heavy sludge layer. At the end of a one-day period, before 
the fermenter was discharged, it was observed that the light 
yellow layer of acid formers had disappeared completely. 
Their disappearance clearly indicated that they had been 
lysed by the methane formers. It should be recalled that 
lysis of acid-forming cells was also observed in the heavily 
seeded single-stage methane fermenter. Similar observations 
were also reported by Cohen et al. (72).
Although fermenter mixing was extremely violent during 
the first seven to eight hours after feeding when the rate 
of gas production was still high, it was not expected that 
large quantities of methane formers were broken loose from 
their aggregates. Thus the microbial population in the 
clear liquid layer after vigorous mixing stopped would be 
acid formers predominantly. Since acidogenesis was 
incomplete in the acid fermenter it would continue in the 
methane fermenter. The increase of acid former 
concentration in the clear liquid effluent with decreased 
residence time, or equivalently, increased loading rate, as 
indicated by protein analysis as shown in Figure 5-22, 
follows the same explanation given to similar trend in 
heavily seeded single-stage methane fermenters, (section 
5-1-2).
Figure 5-23 shows that as residence time was decreased, 
rate of methane production increased and conversion 







































Figure 5-23. Effect of residence time on the performance 
of the two-stage system.
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to increased loading rate. Since some of the COD in the 
original feed was lost in the acid fermenter, the COD of its 
effluent, which was the feed to the methane fermenter, was 
lower than that in the original feed. Consequently, the 
conversion in the overall system which was based on the 
original COD was lower than that in the methane fermenter 
which was based on the COD of its feed. The maximum overall 
conversion of 81.6% was obtained at 8-day residence time and 
the maximum rate of methane production of 1.3 1/1-day was 
obtained at 2-day residence time (See Table 5-9).
5.2.4. Comparison of two-stage and single-stage system
Results obtained in the two-stage system and those in 
the heavily seeded single-stage system are compared in this 
section.
Results given in Tables 5-3 and 5-8 show that the 
characteristics of the effluents from the two systems are 
similar in all aspects. However, the gas produced from the 
second stage of the two-stage system has a better quality. 
At all residence times studied, the concentration of methane 
in the gas produced from this system is higher than that 
from the other. The average percentages of methane in the 
gas produced are 71.3% and 66.7% for the two-stage and 
single-stage system, respectively. Since some of the carbon 
dioxide produced was removed in the acid fermenter of the 
two-stage system, the gas produced in the methane fermenter 
of this system should be richer in methane.
The overall conversion percentages in the two-stage and
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Table 5-9. Summary of 
in the two-
results of methane 
-stage system.
production study
Residence time (days) 8 6.25 4 2
Feed: a) g COD/1 9.20 9.20 9.20 9.20
b) g solids/1 10.10 10.10 10.10 10.10
Loading: a) g COD/l-day 1.15 1.47 2.30 4.60
b) g solids/ 
1-day 1.26 1.62 2.53 5.05
Theoretical CH. 
production (1/I-day) 0.44 0.56 0.88 1.76
Experimental CH. 
production (1/1-day) 0.36 0.45 0.67 1.24
Conversion (%) 81.6 80.1 76.2 70.5
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single-stage systems usii q 1W % feed are plotted together in 
Figure 5-24 as a function of residence time. It is seen 
that at high residence times or low loading rates, the two 
systems are equivalent. However, at low residence times or 
high loading rates, the two-stage system achieved 
significantly higher conversion.
In the two-stage system, acidogenesis was only 
partially completed in the acid fermenter. When the 
effluent from this fermenter was fed to the methane 
fermenter the acid concentration in the latter was high 
enough to allow the gas production to reach a high rate 
immediately after feeding. As discussed previously, the 
direct result of this was the rising of swarms of gas 
bubbles which provided the fermenter with extremely good 
mixing. This would then help distribute the substrate 
uniformly and maintain high rate of gas production over a
period of time. In case of the single-stage methane
fermenter, from one to two hours were required for the 
formation of organic acids before their concentration 
reached a certain level which was high enough to cause 
methane production to take off. In other words, in the
two-stage system methane production started from one to two 
hours earlier than in the single-stage system. Thus it 
would be expected that at the same operating conditions for 
the two possible methane arrangements using feed of equal 
concentration, the quantity of methane produced in a one-day 










Figure 5~24. Comparison of the conversion in the two- 
stage and single-stage systems.
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two-stage system. It can be seen from Tables 5-3 and 5-8 
and Figure 5-23 that at residence times of 8 days and 6.25 
days the quantities of methane produced in the two systems 
are equal whereas at residence times of 4 days and 2 days 
those of the two-stage system are significantly higher. The 
equality at high residence times was due to the loss of COD 
in the acid fermenter of the two-stage system. This 
resulted in less substrate available to the methane formers 
in the methane fermenter of this system compared to that in 
the single-stage system and was significant at low loading 
rates of the methane fermenter. At low residence times or 
high loading rates this was insignificant and the shorter 
period of time actually available for methane production in 
the single-stage system resulted in its lower conversion.
Figure 5-24 shows that for both systems the conversion 
increases with increased residence time. However, the curve 
tends to level off as it reached a conversion of about 81%. 
It is not expected that much higher conversion would be 
obtained at residence times above 8 days. Although a direct 
measurement of feed biodegradability was not performed, from 
the results obtained, this can be estimated with reasonable 
accuracy as 81-82% based on COD of the feed. This is in 
good agreement with the result obtained by Gautreaux from 
direct measurement in a batch fermenter <12).
The results obtained clearly indicate that the 
performance of a two-stage system strongly depends on the 
degree of completion of acidogenesis in the acid fermenter.
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If feed of higher concentrations were used, conversion in 
this fermenter might be expected to be lower. This would 
probably result in significant decrease of methane 
production in the methane fermenter. Further study of 
two-stage system performance using concentrated feed is 
obviously needed. However, it is beyond the scope of this 
investigation.
When lw % feed was used, the results showed that higher 
rates of methane production were obtained at high loading 
rates in the two-stage system. However, the addition of an 
acid fermenter would increase the capital investment 
significantly (50). This may make the process economically 
unattractive. On the other hand, recovery of acid-forming 
cells as single-cell protein from the acid fermenter could 
help decrease the cost of methane production. Production of 
single-cell protein by anaerobic digestion was part of this 
investigation. The results of this study are discussed in 
section 5-3.
5.2.5. Kinetic Consideration
1. Identification of the kinetic model
As mentioned earlier, it was observed that during the 
first seven to eight hours after feeding the methane 
fermenter, the rate of gas production was extremely high. 
The rate then slowly died off. Attempts were made to study 
the production of methane in the one-day period between two 
feedings. Although the system contained several dead 
spaces, their volumes were carefully measured. From the
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measured total volume of gas produced and gas composition 
analysis, material balances were carried out to estimate the 
total methane production. All estimations were adjusted to 
25°C which was the laboratory temperature. During the 
period of this study the fermenter was kept completely 
submerged under the water level in the constant-temperature 
water bath. A thermometer inserted into the gas space of 
the fermenter indicated a temperature of 37°C. The gas 
collected in the inverted graduated cylinder was assumed to 
be in thermal equilibrium with the sealing liquid, thus its 
temperature was taken as 25°C. Although it was obvious that 
there existed a temperature gradient along the gas line 
between the fermenter and the graduated cylinder, the gas 
temperature in this region was assumed to be the average of 
the temperatures of the two locations, which was 31°C. 
Nevertheless, the volume of this dead space was small, thus 
any possible error due to incorrect temperature used could 
be considered negligible. For each residence time, two 
series of measurements were made. The results are 
summarized in Table A-ll. A typical methane production 
curve is shown in Figure 5-25. The initial rates of methane 
production were estimated and the averages for each 
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Figure 5-25. Production of methane and carbon dioxide
in the heavily seeded methane fermenter of 
the two-stage system.
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If the methane production followed the Monod's 
kinetics, the rate would be
Immediately after feeding, the substrate concentration was 
high, i.e., S>>Km , thus the rate becomes
Equation (5-2) indicates that the initial rate would be
zero-order. This was indeed the case as shown in Figure 
5-25. However, equation (5-2) also shows that the initial 
rate would be directly proportional to the cell 
concentration.
After all the experiments were completed, well-mixed 
samples were taken from the methane fermenter for protein 
analysis. Seven analyses yielded an average protein 
concentration of 1.99 g BSA/1 with a standard deviation of 
0.072. Microbial cells usually contain about 50% protein, 
and the cell concentration in the methane fermenter was
about 4 g/1, which was abnormally high. It should be





was determined the fermenter was well-mixed. Thus the cell 
concentration was uniform everywhere. At the end of the 
one-day period after the violent gas production had died off 
the fermenter was quiescent. Effluent was taken from the 
clear liquid which contained negligible amounts of methane 
formers. It is well known that both the yield coefficient 
and growth rate of methane formers are very low. Thus it is 
reasonable to assume that the concentration of methane 
formers in the methane fermenter was constant throughout. 
Therefore, it would be expected that at all residence times 
the initial rates of methane production should be equal. 
They were not as shown above. In fact, the initial rates 
increased with decreased residence time, or equivalently, 
with increased loading rate. This indicates that the 
Monod's model did not apply.
If the methane production followed Contois' kinetics, 
the rate would be
_ koSX (5-3)
r Y (K x+s) ci
In anaerobic digestion, K is usually high compared to S. 
For example, from Table 3-4, for sewage sludge at 35°C, K Y 
= 0.26. A typical value of the yield coefficient Y for 
methane formers is 0.04. Thus Kc for sewage sludge is 6.50. 
If this value is assumed for the methane formers in the 
two-stage system,
K X = 6.50 x 4 c
= 26.0 (g/1)
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In appendix 3, the highest biodegradable substrate 
concentration used is calculated as 3.7 (g COD/1). Even 
this is small compared to the KCX value estimated above. 
Therefore, the rate of methane production in the methane 
fermenter can be simplified to
Acidogenesis was incomplete in the acid fermenter.
Therefore, when the effluent from this fermenter was fed to
the methane fermenter acid formation continued. It is known
that this step is several times faster than the methane
formation step. Thus it can be assumed that the initial
concentration of substrate available to methane formers in
the methane fermenter can be calculated using the total
biodegradable COD in the effluent from the acid fermenter,
not just the COD equivalence of the already formed acids.
This is done in Appendix 3 and the results are given below:
Residence Initial biode- Initial Rate
time gradable sub- (1 CH./1-day) (g COD/l-day)
(days) concentration(g/D
8 0.87 0.82 2.14
0.90 0.82 2.13
6.25 1.12 1.08 2.83
1.10 1.07 2.81
4 1.65 1.49 3.89
1.75 1.49 3.892 3.48 3.43 8.97
3.70 3.52 9.22
The initial rate of methane production is plotted 
against the initial biodegradable substrate concentration in 
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Figure 5-26. Relationship between the initial rate of 
methane production and the initial bio­
degradable substrate concentration in the 
methane fermenter of the two-stage system.
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slope of 0.94 (lCH^/day-g biodegradable COD) and an
intercept of 0.07 (1CH^/1-day). If it is forced through the 
origin as done in Figure 5-26, the slope would be 0.95
(lCH^/day-g biodegradable COD).
The analysis performed indicates that methane
production in the methane fermenter followed the Contois' 
rather than the Monod's kinetic model.
According to equation (5-4), the slope of the straight 
line obtained in Figure 5-26 is
q 1 - ^2 (5-5)Slope ” YK
Thus
“ c -  f e p S  <5- 6>
Since at 25°C the theoretical methane production is 0.38 
(lCH^/g biodegradable COD), the slope can be equivalently 
expressed as 2.49 (g COD converted/g COD-day). A typical 
value of the maximum specific growth rate kQ of methane 
formers is 0.4 day-'*'. Therefore,
yK = Ort-day.-1c ~ 2.49 <g/g-day)
= 0.16
The estimated value of YKC compares reasonably well 
with that obtained for sewage sludge but is significantly 
lower than those obtained for other substrates such as
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cattle wastes which are given in Table 3-4. This is 
expected since these substrates are known to be less readily 
fermentable in anaerobic digestion.
The rate of methane production during the period over 
which the methane fermenter was well-mixed is
It can be seen from equation (5-8) that during the period 
which usually lasted from seven to eight hours although the 
rate is said to be first-order it can be considered as 




In the preceding section it was shown that in the 
limiting case the rate of methane production followed 
first-order kinetics, which is also the reduced form of the 
Contois kinetic model under similar limiting conditions. 
Thus fermenter modelling is performed with the use of both 
models.
*Contois kinetics
The rate of conversion of biodegradable substrate is 
given by
r - (0.95)S (5-7)
(lCH4/l-day)




Since the cell concentration X is very high in the 
heavily seeded fermenter and the growth rate of 
methane-forming bacteria is extremely slow, X can be assumed 
constant. With this assumption equation (5-9) can be 
integrated as follows.
Equation (5-9) can be rearranged to give
Every t hours, a volume of is discharged and
replaced by the same volume of feed. Let
Sf = the biodegradable substrate concentration in feed 
V = the fermenter working volume 
0 = V/V^ = system residence time
Consider a well mixed fermenter. Shortly before its 
discharge, mixing is stopped to allow microbial solids to 
settle, then the clear liquid above the sludge layer is 
discharged. The period over which mixing is not provided is 
about 15 minutes which is small compared with t. It was 
observed during the course of the experiments that after all 
the microbial solids settled down, they occupied one-half of 










determined by water displacement. A value of e - 0.736 was 
obtained.
Material balance gives
[«■*«?) + S x (| - |) + (S x ^ x e)j
thus
„ _ Sf “ S S(1 + e)o  e  + --- 2--
(5-13)
(5-14)
Substitution of this expression into equation (5-12) gives 
YK
t = —r^ln 
o
( S f~ S S(1+e)] 1 + Y X Sf- S S(e — 1)\ e 2 /3E s 8 x e 1 2 (5-15)
*Pirst-order kinetics
The rate of conversion of biodegradable substrate is 
given by
dS ko 
“ dt “ KCY s (5-16)












t. v ^ l 2 (5-18)
Substitution of equation (5-14) into this equation gives
KcY In 'Sf~ S + SO.e (5-19)
*Model prediction
Equations (5-15) and (5-19) can be used to predict the
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biodegradable substrate concentration S of the effluent from 
a fed-batch methane fermenter. Equation (5-15) (Contois 
kinetics) must be solved by trial-and-error technique. 
Equation (5-19) (first-order kinetics) can be solved
directly for S.
Let
Y ■ Sf “ S + S(1 + e) v 1 (5-20)x S
vd - >£ + S(1 + e) (5-21)
Yb ~ 6 + 2
Y is obtained from equation (5-20).
Solving for S gives
2S-
s - e + 2 , 5 - 2 2 )
Since one-half of the fermenter is occupied by the
microbial solids at quiescent conditions, the system
residence time cannot be less than 2 days. If a shorter
residence time is desirable the fermenter would be
discharged and fed more than once every day. Thus
a) for 1-day residence time, 8 = 2  days and t = 12 
hours
b) for 0.5-day residence time, 0 = 2  days and t = 6 
hours,
etc.
For a methane fermenter of a two-stage system using lw % 
alkaline sweet potato peel solution as feed, the following 
model parameters apply.
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*YK = 0.16 (from experimental data)
*X = 4 g/1 (from protein analysis, assuming all the 
bacterial cells existing in the fermenter are living methane 
formers and these cells contain 50% protein by weight).
*kQ = 0.4 day”* (average numerical value of maximum 
specific growth rate of methane formers on acetic acid 
substrate at 35-37°C (61,62)).
*S^ = 6.93 g biodegradable COD/1 (average concentration 
of biodegradable COD in the feed to the methane fermenter). 
*e = 0.74 (measured by water displacement)
*S^ = 1.75 g nonbiodegradable COD/1 (average
concentration of nonbiodegradable COD in the feed to the 
methane fermenter).






8 6.25 4 2 1 0.5
fluent (g/1) 0.08 0.11 0.17 0.37 1.35 2.67
Total COD 
in effluent
1.83 1.85 1.92 2.11 3.09 4.42
(g/1) (1.89) (1.95) (1.98) (2.43) - -
Nonbiodegradable COD = 1.75 g/1
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b) First-order kinetics




fluent (g/1) 0.08 0.10 0.15 0.30 1.12 2.32
Total COD 1.83 1.85 1.90 2.05 2.87 4.07
in effluent
(g/1) (1.89) (1.85 ) (1.98) (2.43)
Nonbiodegradable COD = 1.75 g/1
NOTES: The numbers in parentheses are experimental values
The difference between the two kinetic models is solely 
due to the addition of the second group on the right hand 
side of equation (5-15). The contribution of this group, 
however, is small as seen below.
First group on the Second group on the
RHS of equation (5-15) RHS of equation (5-15)
I II I/II
0 = 8  days 0.077 0.004 20.3
6.25 0.098 0.007 15.0
4 0.152 0.018 9.4
2 0.298 0.067 5.5
1 1.119 0.226 6.0
0.5 2.320 0.347 7.7
Thus it is expected that the predictions of 
biodegradable COD concentration in the fermenter effluent by 
the Contois model would be only slightly higher than those 
predicted by the first-order model. This is indeed the case 
as seen in the summary of the calculated results above.
It was shown previously that the Contois model 
(equation (5-3)) would reduce to first-order kinetics if 
KCX>>S. In anaerobic digestion Kc is usually high, ranging
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from 4 to 31, corresponding to K Y = 0.16 obtained in thisC
work and 1.26 in Table 3-4, respectively, and an average 
value of Y = 0.04. In both fed-batch and continuous
fermenters the instantaneous substrate concentration S is a 
function of the feed concentration and the fermenter 
residence time 6. If Sf is high and 6 is small, S would be 
high. Conversely, S would be low if is low and 0 is 
large. Thus an anaerobic fermentation system can obey 
Contois kinetics, and a model can be used to predict the 
performance of a heavily seeded fermenter, i.e., one that 
has high microorganism concentration X,
a. if the feed is dilute and the residence time is 
long, the first-order approximation would be acceptable and,
b. if the feed is concentrated and the residence time 
is short, the complete Contois equation must be used.
Figure 5-27 shows the relationship between the total 
COD concentration in the effluent from the methane fermenter 
of the two-stage system predicted by the Contois model and 
the fermenter residence time. Experimental points are also 
included for comparison. The predicted values are lower 
than the observed values by three to 13 percent.
After the high rate of gas production {which induced 
vigorous fermenter mixing) had died off as a result of 
substrate depletion, the fermenter returned to its quiescent 
state. Two distinct zones then coexisted in the fermenter. 
The sludge layer at the bottom had an extremely high 

















Figure 5-27. Prediction of total COD concentrations 
in the effluent from the heavily seeded 
methane fermenter of the two-stage system 
using Contois model.
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this zone was much faster than that in the clear liquid 
layer which had a very small population of these bacteria. 
This created a concentration gradient of the organic acids 
between the two zones which caused the acids in the clear 
liquid layer to diffuse through the interface into the 
sludge layer to replace those which had been converted to 
methane. Methane fermentation thus became mass-transfer 
limited to some extent. The model developed in this work, 
however, assumes thorough fermenter mixing, which would 
distribute the substrate and the microbial solids uniformly 
and thus bring them into more permanent contact. Therefore, 
it is expected that the conversion would be lower or, in 
other words, the COD concentration in the effluent would be 
higher than those predicted by the model. Practically, the 
fermenter performance could be improved with externally 
provided mixing when fermenter self-mixing stops, for 
example, by mechanical agitation or by recirculation of some 
of the gas produced. When this improvement is carried out 
there would be expected a much better agreement between the 
observed and predicted values of the COD concentration in 
the fermenter effluent.
The model developed based on Contois kinetics was also 
used to predict the total COD concentration in the effluent 
of the single-stage methane fermenter. All the numerical 
values of the parameters are still the same as those used in 
the previous case, except the feed concentration which 
now becomes 7.45 (g biodegradable COD/1). This quantity
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includes the COD in the effluent of the acid fermenter and 
the COD lost through the production of hydrogen in it.
In the single-stage methane fermenter there is a series 
of two consecutive reactions:
Wastes--------^-Organic acids (1)
Organic acids------------- + CO2 (2)
The kinetics of the first reaction is not known. The main 
thing that is known about this reaction is that it is very 
fast compared with the second one.
It was observed during the course of the experiments on 
single-stage methane production that after feeding, about 
two hours elapsed before the gas production rate became high 
enough to induce fermenter mixing. This phenomenon is 
discussed in detail in section 5-1-2. Figure 5-28a shows a 
theoretical presentation of the progress of fermentation in 
the single-stage methane fermenter between two feedings.
To use the model, it was assumed that all the acids 
were produced the first two hours after feeding and methane 
production did not occur until the end of this period. 
Figure 5-28b shows this idealized case.
Thus equation (5-15) can be used, where the following 
assumptions are made:
a. for residence time :> 2 days, t = 24 - 2 = 22 hours 
or 0.92 day,
b. for residence times = 1 day, t = 24 - 2 = 10 hours 
or 0.42 day, 6 = 1  day.















Progress of fermentation in the single- 
stage methane fermenter between two 
feedings.
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0.17 day, 6 = 1  day, etc.
The calculated results are given below.




fluent (g/1) 0.11 0.14 0.23 0.50 1.83 3.66
Total COD 1.86 1.89 1.98 2.24 3.58 5.40
in effluent
(g/1) (1.78) (1.83) (2.46) (2.89)
Nonbiodegradable COD = 1.75 g/1
NOTE: Experimental values are in parentheses.
Figure 5-29 shows the total COD concentration in the 
effluent from the single-stage methane fermenter as a 
function of residence time.
At high residence times of eight and 6.25 days the 
results indicate a good agreement between the observed and 
calculated values. However, at low residence times of four 
and two days, the predicted values are 20-22 percent lower 
than the observed values. It should be noted that the 
assumption made to use the model to predict the performance 
of the single-stage methane fermenter is a highly idealized 
one. At low residence times, i.e., at high loading rates, 
it seems to be rather an oversimplification to assume that 
acid production was completed and negligible methane 
production occurred during the period of two hours 
immediately after feeding. Modification of the model to 
obtain better predictions would require detailed knowledge 
of the kinetics of the acid production step which has not 
































Prediction of total COD concentration in 
the effluent from the single-stage methane 




A heavily seeded continuous stirred methane fermenter 
is shown schematically below
Qt Xf , Sf Q, XQ , S
A screen can be installed at the exit to prevent the escape 
of large microbial solids. Thus only loose cells are 
removed and a high concentration of aggregated microbial 
cells is maintained in the fermenter.
Assume that at steady-state the rate at which cells are 
peeled off from the microbial particles is equal to the 
growth rate of new cells which attach themselves to these 
particles; thus X can be considered constant. This 
assumption is very close to the real situation in case of 
methane producing bacteria.
A substrate balance gives 
ric k SXV
V Sf - QSf - QS - Y°{K X ~ S) <5-23)
c
At steady state, dS/dt - 0. Let 0 = V/Q. Equation 
(5-23) can be rearranged to
k SX
T  (Sf" S* = Y(K X + S) (5-24)
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This equation can be rewritten as
YS3 + (kQX0 + YKCX - YSf)S - YKC XSf * 0 (5-25)
Solution of this equation gives the biodegradable COD 
concentration of the effluent at some given residence time 
6.
*Model prediction
It is of interest to compare the performance of a 
continuous fermenter with that of a fed-batch one. Thus the 
numerical values of the parameters used for predicting the 
performance of the methane fermenter in the two-stage system 
are used in this case. The calculated results are given 
below.




fluent (g/1) 0.34 0.43 0.66 1.23 2.17 3.42
Total COD 2.09 2.18 2.41 2.98 3.92 5.17
in effluent 
(g/1)
Figure 5-30 shows the predicted total COD concentration 
in the effluent of a fed-batch and a continuous methane 
fermenter as a function of residence time. It can be seen 
that at all residence times the fed-batch fermenter achieves 
higher conversion as reflected by the lower values of the 
total COD concentration in the effluent. However, from a 
process control point of view, the continuous fermenter is 
preferred over the other since it gives a constant rate of
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Figure 5-30. Prediction of total COD concentration 
in the effluent from a fed-batch and a 
continuous methane fermenter using 
Contois model.
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methane production. In the fed-batch fermenter this rate 
decreases continuously and would eventually die off towards 
the end of the operating cycle.
It is of practical interest to examine the effect of 
bacterial concentration on the performance of a fermenter 
since the minimum concentration required for a given 
conversion would dictate the quantity of cells which must be 
loaded before the fermenter operation is started. Thus 
equation (5-25) is solved with different values of X and e. 
The results are given below.
X=8g/1 X=4g/1 X=2g/1 X=lg/1
9 (days) S(g/1) S(g/1) S(g/1) S (g/1)
8 0.34 0.34 0.35 0.36
6.25 0.42 0.43 0.44 0.46
4 0.65 0.66 0.68 0.74
2 1.20 1.23 1.31 1.50
1 2.08 2.17 2.37 2.81
0.5 3.25 3.42 3.75 4.33
Where S is biodegradable COD concentration in the effluent. 
These calculated results indicate that lower conversion 
would be expected with decreased bacterial cell 
concentration and this trend is more noticeable at lower 
residence times. However, the effect of bacterial 
concentration on conversion does not seem to be very strong. 






Y(K X + S)c
could be approximated by
rate
which is independent of the bacterial concentration X. In 
other cases, the significance of this parameter must be 
considered, especially when a fermenter is operated at low 
residence times.
3. Prediction of the gas composition in the methane 
fermenter
The volatile acids are converted to methane and carbon 
dioxide according to the following reactions (35). (See 
also Tables 3-1 and 3-2).
a. Propionic acid catabolism:
Thus the net results are
1 mole acetic acid gives 1 mole CH^ and 1 mole HCO^
1 mole propionic acid gives 7/4 moles CH4 and 5/4 moles 
HCO3
1 mole butyric acid gives 5/2 moles CH^ and 3/2 moles 
HCO3
The conversion of biodegradable substrate to volatile
4CH3CH2COO" + 3H20 — >4CH3COO” + HCO“ + H+ + 3CH4 (a)
b. Butyric acid catabolism:
2CH3 (CH2)2 C00“ + HCO” + H20 — ^4CH3COO“ + CH4 + H+ (b)
c. Acetic acid catabolism:
CH.COO + H,0— *-CH. + HCO- 3 2 4 3 (c)
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fatty acids in the acid fermenter was incomplete. This 
conversion would continue in parallel with the production of 
methane and carbon dioxide from the already formed acids 
when the effluent from the acid fermenter was fed to the 
methane fermenter. The production of methane from a 
carbohydrate substrate follows two parallel routes (35)s 
Route 1: Carbohydrate ►Acetic acid + C02
In the acid fermenter production of acetic acid from 
propionic and butyric acids (reactions a and b above) could 
not occur due to the absence of the methane forming 
bacteria. Even without the additional production acetic 
acid was still the predominant product, (see Table 5-7). 
This indicates that in the overall methane production 
scheme, route 1 would be the more favorable one.
Therefore, it is assumed that the intermediate product 
in the conversion of the unconverted biodegradable substrate 
in the effluent from the acid reactor to methane when this 
stream was fed to the methane fermenter would be all acetic 
acid.
The acid distribution and the unconverted substrate 
concentration in the effluent of the acid fermenter are 
known. Thus, using the stoichiometry shown in reactions a, 





methane fermenter could be predicted.
Methane has very low solubility in water at atmospheric 
pressure and 37°C (113). Hence it can be assumed that all 
the methane formed would be released to the gas phase. On 
the contrary, carbon dioxide is soluble in water at these 
conditions of temperature and pressure. The solubility of 
carbon dioxide in water is governed by Henry's law, thus
(C02 (aq)] = PCq2/H (5-26)
where P^q /H = partial pressure of carbon dioxide in the 
 ̂ gas
H = Henry constant
[C02(aq)J = concentration of free carbon dioxide 
dissolved in water.
The values of Henry's constant for the system C02 - water at 
temperatures from zero to 55°C have been reported by 
Wilhelm, et al. (123). These are tabulated and plotted 
against temperature in Appendix 4.
The carbon dioxide dissolved in water ionizes according 
to the reaction.
C02 (aq) + H2O ^ S H + + HCO3 
The equilibrium constant K is
[H+] [HCOj]
K " [C02(aq)I (5_27)
where all terms in squared brackets have the meaning and 
unit of concentration. The values of K at various 
temperatures are given in the literature (124).
Equations (5-26) and (5-27) can be used to calculate
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the partial pressure of carbon dioxide. This is done in 
Appendix 4. Since the total gas pressure is known as one 









The results show good agreement between the calculated 
and experimentally observed percentages of methane in the 
gas phase. This and the use of the kinetic model as 
described in the previous section indicate that the 
performance of a methane fermenter in a two-stage system 
similar to the one employed in this research is predictable, 
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acid fermenter are known.
The calculated results show that methane and carbon 
dioxide (as HCO^) were formed in an approximate equimolar 
ratio and about one-half of the carbon dioxide produced was 
absorbed in the liquid phase. Fermentation of pure acetic 
acid would produce a methane/carbon dioxide ratio of exactly 
1/1. Other acids would give a ratio higher than one in 
favor of methane. Since acetic acid was the predominant 
substrate in the feed to the methane fermenter a 
methane/carbon dioxide ratio slightly higher than one was 
expected.
5.2.6. Effect of recovery of single-cell protein in acid 
fermenter effluent on methane production
As discussed earlier, the recovery of acid formers as 
single-cell protein product from an acid fermenter of a 
two-stage system could help decrease the total cost of 
methane production. It was observed that fermentation in 
the methane stage included the lysis of these cells. Thus 
it was suspected that their removal from the feed to the 
methane fermenter would affect methane production. To 
answer this question five experiments were performed, 
employing five fed-batch well-mixed methane fermenters. The 
acid fermenter of the two-stage system was used to supply 
feed for these fermenters. The operating conditions of the 
acid fermenter were kept the same as when the performance of 
the two-stage system was studied. One of the methane 
fermenters was fed with untreated effluent from the acid
7 50 0.5




Figure 5-31. Progress of fermentation in the well-mixed methane fermenter 
using untreated effluent from the acid fermenter.
©Methane production • pH O %CH^.
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Figure 5-32. Progress of fermentation in the well-mixed methane fermenter using
solid-free effluent from the acid fermenter. Residence time = 4 days.





0 10 20 30
Time (days)
Figure 5-33. Progress of fermentation in the well-mixed methane fermenter using
solid-free effluent from the acid fermenter. Residence time = 6.25
days.










Figure 5-34. Progress of fermentation in well-mixed methane fermenter using
solid-free effluent from acid fermenter. Residence time = 8 days.








Figure 5-35. Progress of fermentation in the well-mixed methane fermenter using
solid-free effluent from the acid fermanter. Residence time = 10 days.
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fermenter. The others were fed solid-free effluent which 
was prepared by successive application of centrifugation and 
filtration. The protein concentration of the solid-free 
effluent was measured as 35 to 47 mg BSA/1. Details of 
these experiments are given in Table 4-4 and their daily 
operating data in Tables A-12 to A-16 in the appendix.
Progress of fermentation is plotted in Figures 5-31 to 5-35.
From Figure 5-31 it can be seen that in the fermenter 
which was fed with untreated effluent from the acid 
fermenter stability was maintained and a steady-state was 
reached relatively fast. The steady-state results are given 
below:
6 = 10 days 6 = 8  days
pH 6.97 6.87
% CH. 68.9 69.34
CH^ production (1/1-day) 0.23 0.26
Conversion (%) 64.3 59.9
The conversion in this well-mixed fermenter at 8-day 
residence time is much lower than that in the heavily seeded 
sludge blanket fermenter operated at same residence time. 
This is expected since the methane formers in the latter had 
both higher concentration and higher solid residence time.
Figures 5-32 to 5-35 show that in all the other methane 
fermenters both pH and daily methane production decreased 
with time. An extremely long period of time was required
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before a steady-state was reached. In addition, the 
production of methane at steady-state was extremely low. 
For example, at 10-day residence time (Figure 5-35) the rate 
of methane production is 0.1 1/1-day and the conversion was 
29.6%.
Since the rate of methane production is directly 
proportional to the concentration of methane formers, the 
gradual decrease in daily methane production indicates 
wash-out of these bacteria. This resulted in acid 
accumulation which, in turn, caused the decrease of pH. 
Substrate was not limited in these experiments. Therefore, 
the inability of the methane formers to grow simply 
indicates nutrient limitation. It should be recalled that 
the acid fermenter was operated at a residence time of 2 
days which was unusually long for acid fermentation. The 
conversion was incomplete in this fermenter. Since the 
fermenter pH was still in the fermentable range and product 
inhibition was not expected due to the low concentration of 
the acids produced, it is obvious that incomplete conversion 
in the acid fermenter was also a result of nutrient 
limitation. One can assume that all the available nutrients 
in the feed had been incorporated into the acid-forming
cells. Thus it is expected that the removal of these cells
»
from the effluent from the acid fermenter would produce a 
solution which contained no nutrient at all. However, as 
indicated above, protein analysis showed that this cell-free 
liquid still had a protein concentration of as low as 35 to
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47 mg BSA/1, which was probably due to incomplete removal. 
When experiments 8-11 were started, the fermenters contained 
significant quantities of nutrients. However, when they 
were fed with solid-free effluent from the acid fermenter 
which had extremely low nutrient content, slow but 
continuous dilution of their nutrients occurred. As soon as 
the nutrient concentration in these fermenters dropped below 
a minimum level, normal growth rate of methane formers could 
not be maintained. The wash-out rate became faster than the 
growth rate. The concentration of methane formers, and 
hence, the rate of methane production then started to 
decrease. This discussion explains why methane production 
did not ' fail abruptly but decreased gradually. At 
steady-state only a small population of methane formers 
could be maintained, which as indicated by extremely low 
methane production. The growth of this small population was 
maintained either by the limited quantity of nutrients which 
entered the fermenters with the solid-free effluent from the 
acid fermenter or by the nutrients released by self lysis of 
aged methane-forming cells.
The findings discussed thus far would bring up two 
important points.
(1) In a two-stage process, additional nutrients are 
required for complete conversion in the acid fermenter. 
Although this is not expected to improve the methane 
fermenter performance significantly, it would help increase 
the production of single-cell protein in the acid fermenter
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which would then improve the process economics.
(2) If additional nutrients are not added to the 
methane fermenter, some of the acid-forming cells formed in 
the acid fermenter must be present in the feed to the 
former. Nutrients required for the growth of methane 
formers will be supplied with lysis of these acid-forming 
cells. Thus total recovery of single-cell protein from the 
effluent from the acid fermenter without nutrient addition 
to the methane fermenter would result in failure of methane 
production.
At this point an interesting question concerning the 
two-stage system may arise. The effluent from the acid 
fermenter contains very little directly available nutrients 
other than cell mass before it goes to the methane 
fermenter. The question is, where do the nutrients come 
from to support the completion of the conversion by growth 
of acid formers in the methane fermenter? This conversion 
was found to be incomplete in the acid fermenter due to 
nutrient limitation. The answer is that these nutrients 
will have to come from the lysis of aged or inactive 
acid-forming cells by methane formers. This will release 
large quantities of available nutrients into the solution. 
It is well known that methane formers require very little 
nutrients for their growth. Thus a large fraction of the 
nutrients released will be consumed for the growth of new 
acid-forming cells which will then complete the acid 
fermentation. When the growth of these cells ceases due to
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substrate depletion, they will also be lysed by the methane 
formers. The net result is at steady-state the methane
fermenter has surplus supply of nutrients for bacterial 
growth. Thus continuing acid fermentation would occur
immediately after feeding of the methane fermenter without 
having to wait for the release of nutrients from lysis of 
aged acid-forming cells.
5.3. Single Cell Protein Production
Single-cell protein produced in the acid fermenter
■could be a valuable by-product of the two-stage process. 
Its use in the methane fermenter for the sole purpose of 
supplying the required nutrients to the methane formers is
obviously not economically acceptable. Bryant et al. (71)
have shown that several species of methane formers could use 
NH^ as the main source of cell nitrogen. In fact, they have 
shown that these species obtained their required nitrogen 
from inorganic ammonium salts much more readily than from 
organic compounds such as amino acids or peptides. Speece 
and McCarty (73) have shown that a mixed population of
methane formers were capable of obtaining nitrogen from
NH^Cl and phosphorus from ammonium phosphates. The
phosphorus requirement was shown to be one-seventh of the 
nitrogen requirement. Thus it appears that nutrient
deficiency in the methane fermenter due to total recovery of 
single-cell protein in the previous step could be overcome 
by the addition of inorganic salts. This is of economic 
importance in large-scale operations. Determination of the
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types and minimum quantities of nutrients required in the 
two-stage process, in both the acid and methane fermenters, 
would offer an interesting and broad area for future 
research.
Production of single-cell protein was the last 
experimental work included in this investigation. It was 
studied in a continuous-stirred-tank-reactor system which is 
described in Chapter Four. The inoculum source was a 
population of acid formers derived from ruminant fluid and 
maintained with lw % alkaline sweet potato wastes at 37°C. 
Glucose was chosen as a substrate since its analysis was 
simple, thus conversion could easily be evaluated. A simple 
salt media described in Table A-l of the appendix was used 
in all experiments. The influences of pH, temperature, and 
substrate concentration were examined. The residence time 
in all experiments was 5.5 hours. Experimental results are 
given in Tables 5-10 to 5-12.
It is obvious that an overall carbon balance is 
necessary. The results of carbon balance calculation are 
given in Table 5-13. The following assumptions were used in 
this calculation:
a. The cell carbon was computed assuming dry matter 
composition of (125).
b. The carbon in the gas produced was computed assuming 
this gas was purely carbon dioxide. In fact, gas analysis 
showed that methane was not present and only traces of 
hydrogen were observed occasionally.
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Table 5-10. Effect of pH on Acid Fermentation.
*Fermenter conditions:
Temperature: 3 7 0 C
Feed: 1 % glucose solution
Residence time: 5.5 hours
PH 5.0 5.5 6.0 6.5 7.0
♦Effluent characteristics:
Bacterial cells (g/1) 1.125 1.725 1.055 0.985 1.008
Biuret protein (g/1) 0.571 0.863 0.686 0.660 0.671
Acetic acid (g/1) 0.77 0.80 1.16 1.52 1.18
Propionic acid (g/1) 0.04 0.09 0.03 0 0
n-Butyric acid (g/1) 1.30 2.06 1.85 1.38 1.45
Glucose (g/1) 0.13 0.23 0.09 0.14 0.05
Gas produced (1/1-hr) 0.656 0.373 0.514 0.411 0.053
♦Fermentation results:
Conversion (%) 98.7 97.7 99.1 98.6 99.6
Yield coefficients 
(g product/g glucose 
consumed):
a. Cells 0.114 0.176 0.106 0.100 0.101
b. Protein 0.058 0.088 0.069 0.067 0.067
c. Acetic acid 0.08 0.08 0.12 0.15 0.12
d. Propionic acid 0.004 0.01 0.003 - -
e . n-Butyric acid 0.13 0.21 0.19 0.14 0.15
Rate of production 
(g product/1-hr):
a. Cells 0.205 0.313 0.192 0.179 0.183
b. Protein 0.104 0.157 0.125 0.120 0.122
c. Acetic acid 0.14 0.15 0.21 0.28 0.22(cont1d.)
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Table 5-10 (cont'd.)
pH 5.0 5.5 6.0 6.5
♦Fermentation results:
Rate of production 
<g product/l-hr):
d. Propionic acid 0.01 0.02 0.01 -
e. n-Butyric acid 0.24 0.37 0.34 0.25
Acid productivity 
(g acid/g cells)
a. Acetic acid 0.68 0.46 1.10 1.54
b. Propionic acid 0.04 0.05 0.03 -





Table 5-11. Effect of Temperature on Acid Fermentation.
♦Fermenter Conditions;
Feed: lw % glucose solution
Residence time: 5.5 hours
pH: 5.5
Temperature (°C) 25 30 37 45
♦Effluent characteristics ••
Bacterial cells (g/1) 1.136 0.906 1.725 0.809
Biuret protein (g/1) 0.465 0.502 0.863 0.462
Acetic acid (g/1) 0.67 0.43 0.80 0.75
Propionic acid (g/1) 0.12 0.25 0.09 0.37
n-Butyric acid (g/1) 2.55 1.30 2.06 0.35
Glucose (g/1) 1.99 1.95 0.23 2.11
Gas produced (1/1-hr) 0.142 0.378 0.605 0.515
♦Fermentation results:
Conversion (%) 80.1 80.5 97.7 78.9
Yield coefficients 
(g product/g glucose 
consumed)
a. Cells 0.142 0.112 0.176 0.103
b. Protein 0.058 0.062 0.088 0.059
c. Acetic acid 0.08 0.05 0.08 0.10
d. Propionic acid 0.02 0.03 0.01 0.05
e. n-Butyric acid 0.32 0.16 0.21 0.04
Rate of production 
(g product/l-hr)
a. Cells 0.207 0.165 0.313 0.147




Temperature (°C) 25 30 37 45
♦Fermentation results:
Rate of production 
(g product/1-hr)
c. Acetic acid 0.12 0.08 0.15 0.14
d. Propionic acid 0.02 0.05 0.02 0.07
e. n-Butyric acid 0.46 0.24 0.37 0.06
Acid productivity 
(g acid/g cells)
a. Acetic acid 0.59 0.47 0.46 0.92
b. Propionic acid 0.11 0.27 0.05 0.46
c. n-Butyric acid 2.24 1.43 1.19 0.43




Residence time: 5.5 hours
pH: 5.5
Feed (w % glucose) 1.0 ©*N 3.5 5.0
♦Effluent characteristics ••
Bacterial cells (g/1) 1.725 2.665 2.553 2.525
Biuret protein (g/1) 0.863 1.501 1.379 1.315
Acetic acid (g/1) 0.80 0.50 1.83 1.78
Propionic acid (g/1) 0.09 0.66 0.79 0.54
n-Butyric acid (g/1) 2.06 2.26 2.92 4.04
Glucose (g/1) 0.23 0.12 19.29 33.00
Gas produced (1/1-hr) 0.605 1.182 0.527 0.355
♦Fermentation results: ~
Conversion (%) 97.7 99.4 44.9 34.0
Yield coefficients 
(g product/g glucose 
consumed)
a. Cells 0.176 0.134 0.163 0.148
b. Protein 0.088 0.075 0.088 0.077
c . Acetic acid 0.08 0.03 0.12 0.11
d. Propionic acid 0.01 0.03 0.05 0.03
e. n-Butyric acid 0.21 0.11 0.19 0.24
Rate of production 
(g product/1-hr)
a. Cells 0.313 0.485 0.464 0.459
b. Protein 0.157 0.273 0.251 0.239
(cont1d.)
Table 5-12 (cont'd.)
Feed (w % glucose)
♦Fermentation results:










1.0 2.0 3.5 5.0
0.15 0.09 0.33 0.32
0.02 0.12 0.14 0.10
0.37 0.41 0.53 0.73
0.46 0.19 0.72 0.71
0.05 0.25 0.31 0.22
1.19 0.85 1.14 1.60
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Table 5-13. Carbon Balance in Single-Cell Protein Study.
Set 1. Temperatures 37°C
Residence time: 5.5 hours
Feed: 10.0 g glucose/1, (i.e., 0.727 g
carbon/1-hr.)
pH 5.0 5.5 6.0 6 . 5 7 . 0
Acetic acid 0.056 0.058 0.084 0.110 0.086
carbon (g/l-hr)
Propionic acid 0.004 0.008 0.003 0 0
carbon (g/l-hr)
Butyric acid 0.129 0.204 0.183 0.137 0.144
carbon (g/l-hr)
Cell carbon 0.109 0.167 0.102 0.095 0.097
(g/l-hr)
Gas carbon 0.322 0.183 0.252 0.202 0.026
(g/l-hr)
Dissolved carbon 0.058 0.064 0.083 0.143 0.331
(g/l-hr)
Unconverted 0.009 0.017 0.007 0.010 0.003
carbon (g/l-hr)
Total carbon 0.686 0.701 0.715 0.697 0.688
(g/l-hr)
Recovery (%) 94.3 96.4 98.2 95.8 94.5
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Table 5-13 (cont'd.)
Set 2. Residence time: 5.5 hours
Feed: 10 g glucose/1, (i.e., 0.727 g
carbon/1-hr) 
pH: 5.5
Temperature 25 30 37
Acetic acid carbon 0.049 0.031 0.058 0.
(g/l-hr)
Propionic acid carbon 0.011 0.022 0.008 0.
(g/l-hr)
Butyric acid carbon 0.252 0.129 0.204 0.
(g/l-hr)
Cell carbon 0.110 0.088 0.167 0.
(g/l-hr)
Gas carbon 0.064 0.186 0.183 0.
(g/l-hr)
Dissolved carbon 0.086 0.079 0.064 0,
(g/l-hr)
Unconverted carbon 0.145 0.142 0.017 0.
(g/l-hr)
Total carbon 0.715 0.675 0.701 0,
(g/l-hr)

















Acetic acid carbon 
(g/l-hr)
Propionic acid carbon 
(g/l-hr)
















10 20 35 50
.058 0.037 0.133 0.130
.008 0.058 0.070 0.048
.204 0.224 0.289 0.401
.167 0.257 0.247 0.244
.183 0.590 0.263 0.177
.064 0.064 0.064 0.064
.017 0.009 1.403 2.400
.701 1.239 2.469 3.464
.727 1.455 2.546 3.637














c. The carbon in the liquid phase, (in HCO^ ions and 
dissolved carbon dioxide), was computed assuming
thermodynamic equilibrium between the liquid phase and the 
gas phase.
The carbon dioxide dissolved in water ionized according 
to the reaction
C02 (aq) + H2O ^ H + + HCO3 
for which the equilibrium constant K is defined by equation 
(5-27).
The total concentration of carbon in the liquid phase
is
[C] - fC02 (aq)] + [HCO"] (5-28)
(Mole/1)
From equation (5-27),
K x [CO, (aq)]
[HCO,] = ------- 1------  (5-29)
J [H )
[C02(aq)] is related to the partial pressure of carbon
dioxide in the gas phase by Henry's law.
The final expression for [C] is
PC0
[C] = - r ~  x (1 + — ^-5 ) (5-30)
(mole/1) H 10 pH
where Prn = 1 atm and the values of H and K are given in tu2
appendix 4.
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From Table 5-13 it can be seen that in all cases the 
computed recovery is less than 100%. The reason is probably 
that minor products, such as lactic acid, formic acid, and 
ethanol, were not accounted for in the carbon balance 
calculations.
It is desirable to examine the distribution of carbon 
among the products of fermentation. This distribution is 
summarized in Table 5-14 and the results are plotted in 
Figures 5-36 to 5-38. In general, it can be seen that 
organic acids and inorganic carbon accounted for most of the 
carbon converted. (Inorganic caroon includes carbon in 
gaseous CO^t dissolved COj, and HCO^ ions). This resulted 
in a relatively low cell yield.
Figure 5-36 shows the effect of pH on carbon 
distribution. It can be seen that at pH 5.5 the percentages 
of converted carbon which was incorporated into organic 
acids and cells were highest. Table 5-10 shows that pH did 
not appear to have any effect on glucose conversion. In 
fact, at all pH values studied, almost complete conversion 
was achieved. Thus, pH 5.5 also corresponded to the highest 
cell yield and rate of cell production. These had values of 
0.18 g cells (0.09 g protein)/g glucose consumed and 0.31 g 
cells (0.16 g protein)/1-hr, respectively. The percentage 
of converted carbon which became inorganic carbon was lowest 
at pH 5.5. For the minor products the lowest percentage 
occurred at pH 6.0.
The effect of temperature on carbon distribution is
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Table 5-14. Distribution of Carbon in Products of Acid
Fermentation.
*Set 1; Temperature = 37°C 
Feed w 1 % glucose 
Residence time ■ 5.5 hours
pH Distribution of carbon in products <%)Acids Cells Inorganic carbon Others
o
•
ID 26.2 15.1 53.0 5.7
5.5 38.1 23.4 34.8 3.7
6.0 37.5 14.1 46.6 1.8
6.5 34.5 13.3 48.0 4.3
7.0 31.8 13.4 49.3 5.5
*Set 2: Feed *= iw% glucose
Residence time = 5.5 hours 
pH = 5.5
Temp. Distribution of carbon in products <%)
<°C) Acids Cells Inorganic carbon Otheri
25 53.5 18.8 25.6 2.1
30 31.0 14.9 45.1 9.0
37 38.1 23.4 34.8 3.7
45 21.2 13.6 54.3 10.9
*Set 3s Temperature = 37°C
Residence time = 5.5 hours 
pH = 5.5
Feed Distribution of carbon in products <%)
(g glucose/1) Acids Cells Inorganic carbon Otheri
10 38.1 23.4 34.8 3.7
20 22.0 17.8 45.3 14.9
35 43.1 21.6 28.7 6.7
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Figure 5-36. Distribution of Carbon in the Products of 
Acid Fermentation - Effect of pH.
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shown in Figure 5-37. Temperature did not appear to have 
strong effect on the incorporation of converted carbon into 
cells and minor products. However, Table 5-11 shows that 
the highest glucose conversion and highest cell yields were 
obtained at 37°C. Thus, this temperature is optimal for 
single-cell protein production. It is interesting to note 
that the percentage of carbon distribution in the organic 
acids was highest at 25 °C and lowest at 45°C. For the 
inorganic carbon this trend was reverse, i.e., highest 
percentage was obtained at 45°C and lowest at 25°C.
The effect of feed concentration on carbon distribution 
is shown in Figure 5-38. The relative incorporation of 
converted carbon into cells and minor products did hot seem 
to change significantly when the feed concentration was 
increased. When a feed concentration of 20 (g glucose/l) 
was used the lowest percentage of carbon incorporated into 
organic acids was obtained. The highest percentage was 
obtained for inorganic carbon at this feed concentration.
Table 5-12 shows that the conversion of glucose 
increased slightly as the feed concentration was increased 
from 1 to 2% but then decreased drastically as the feed 
concentration was increased further. Equation (A2-12) in 
Appendix 2 shows that if a microbial system in a continuous 
stirred tank reactor obeys Monod's kinetics, the effluent 
substrate concentration would be independent of the 
substrate concentration in the feed and hence at equal 
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Figure 5-37. Distribution of Carbon in the Products of Acid Fermentation. 
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higher conversions. The results indicated that the system 
might follow Monod's kinetics and product inhibition 
occurred when the feed concentration was above 20 g/1. It 
can be seen from Table 5-12 that the concentration of 
butyric acid increased as the feed concentration increased. 
High concentrations of butyric acid was probably the 
principal cause of inhibition. Zoetemeyer et al. (126) have 
reported the inhibition effect of butyric acid on glucose 
fermentation by acid-forming bacteria derived from sewage 
sludge. The concentration of acetic acid also increased 
with increased feed concentration and reached a maximum 
value of about 1.8 g/1. This concentration is too low to 
cause inhibition.
Feed concentration did not have a positive effect on 
cell yield. However, product inhibition at high feed 
concentration caused the rate of cell production to increase 
and then decrease with increased feed concentration. The 
highest cell production rate of 0.49 g cells (0.27 g 
protein)/1-hr was obtained when 2% feed was used.
Productivity of the organic acids, (expressed as g acid 
produced/g cells), is also included in Tables 5-10 to 5-12. 
There did not seem to be any relationship between this and 
the fermenter pH, temperature, and feed concentration.
The distribution of the volatile fatty acids is shown 
in Table 5-15. This distribution remained fairly constant 
as the pH was varied. However, as the temperature was 
increased from 25 to 45°C more acetic acid and less butyric
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Table 5-15. Distribution of Volatile Fatty Acids in Acid
Fermentation, (Mole %).
♦Set It Temperature ■* 37°C 
Feed = 1 % glucose 
Residence time = 5.5 hours
PH 5.0 5.5 6.0 6.5
Acetic acid 38.1 28.5 39.8 54.1
Propionic acid 1.9 3.3 1.1 0
n-Butyric acid 59.9 68.2 59.1 45.9





Temperature (°C) 25 30 37 45
Acetic acid 21.2 22.9 28.5 52.0
Propionic acid 3.8 12.9 3.3 25.6
n-Butyric acid 75.0 64.3 68.2 22.4
♦Set 3: Residence time = 





Feed (g glucose/1) 10 20 35 50
Acetic acid 28.5 15.5 34.3 29.3
Propionic acid 3.3 20.0 14.7 8.8
n-Butyric acid 68.2 64.5 51.0 61.9
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acid were formed. The production of propionic acid 
fluctuated but finally reached a maximum at 45°C, Since 
methane-forming bacteria were not present, conversion of 
butyric and propionic acids to acetic acid did not occur, as 
expected from the positive free energies of the reactions 
involved. The presence of hydrogen-utilizing methanogenic 
bacteria would result in syntrophic association which has 
negative free energy of reaction. Consequently, these 
bacteria would convert propionic and butyric acid to acetic 
acid, methane, and carbon dioxide (See Table 3-2). Thauer 
et al. (37) have pointed out that the production of 
propionic acid is both hydrogen-forming and 
hydrogen-utilizing, and the production of butyric acid is 
hydrogen-utilizing. The concentration of propionic acid was 
very low. Thus the high concentration of butyric acid may 
explain the extremely low production of hydrogen in the 
system. This explanation would apply for all the 
experiments on acid fermentation, not exclusively for those 
which were performed to study the effect of temperature. 
However, there is one exception. It can be seen from Table 
5-15 that at 45°C the concentration of butyric acid was low 
and that of acetic acid and propionic acid was unusually 
high. It has been known (37) that production of acetic acid 
is hydrogen-forming. However, gas analysis showed only 
traces of hydrogen. It is probable that the formation of 
acetic and propionic acids in this system followed some 
unknown mechanisms which were hydrogen-utilizing when the
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temperature was increased to the upper limit of the
mesophilic region.
The results presented in Set 2 of Table 5-15 also 
indicate that acid distribution could be pre-determined by 
controlling the temperature. In a two-stage system for
methane production this would be advantageous since the 
performance of the methane fermenter could then be
predicted.
The results presented in Set 3 of Table 5-15 show that 
as the feed concentration was increased the percentages of 
acetic and butyric acid remained fairly constant. However, 
that of propionic acid increased, reached a maximum as 2% 
feed was used, and then decreased. This tendency may
indicate that high concentrations of butyric acid inhibited 
both glucose conversion and propionic acid formation.
Chapter Six
Application: A Process for Production of Methane
and Single Cell Protein from Alkaline Sweet
Potato Wastes
The experimental results obtained in this investigation 
were integrated to propose a processing scheme to produce 
methane from alkaline sweet potato wastes. This scheme is 
to be used on the site of a sweet potato processing plant. 
A two-stage process is chosen rather than single-stage 
process for the following reasons:
1. A two-stage process offers significantly higher 
conversions at low residence times in the methane fermenter. 
Thus, the size of this fermenter, and consequently, its 
installation cost, could be reduced tremendously.
2. Acid-forming cells could be recovered from the acid 
fermenter for single cell protein production. This protein 
source could very likely be a valuable by-product, and its 
production could help improve the economy of the overall 
process.
3. The acid fermenter could be used for energy storage. 
Since the operation of a sweet potato processing plant is 
discontinuous, methane produced during the time the plant is 
not in operation would not be used, and hence would need to 
be stored under high pressures. The gas could be stored in 
a more convenient way in the form of liquid organic acids 
produced in the first stage. Methane production would start 
almost immediately after the heavily seeded second stage 
methane fermenter was fed. Thus, effluent from the acid
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fermenter would not be fed to the methane fermenter until 
shortly before methane is required for the operation of the 
main plant. This arrangement would not eliminate the gas 
storage problem completely, but would reduce significantly 
the quantity of methane which needs to be stored. 
Consequently, the process could be improved both technically 
and economically.
A representation of the proposed processing scheme is 
shown in Figure 6-1.
From the peeling operation the concentrated wastes are 
passed over a screen. Small quantities of water are used to 
wash the fine particles through the screen. Large pieces 
are removed and fed to a blender where they are blended with 
additional water to form a slurry. This slurry and the 
stream which contains the fine particles then join together 
before entering a mixer-settler. Water is added to dilute 
the wastes to the desired concentration. This concentration 
is fixed by the soluble substrate concentration required for 
acid fermentation. Mixing is provided to dissolve all the 
soluble materials. The insoluble solids are allowed to 
settle. Clear supernatant is then transferred to feed tank
1. Nutrients slightly in excess of the amount required for 
completion of the acid fermentation are added. From the 
feed tank the nutrient-rich feed is fed to the acid 
fermenter. Acid-forming cells are recovered from the acid 
fermenter effluent for single cell protein production. The 
supernatant which contains the organic acids is recycled and
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mixed with the insoluble residue from the mixer-settler. 
The resultant dilute solution is transferred to feed tank 2 
from which the well-mixed feed is fed to the methane 
fermenter. Nutrient addition is not necessary for methane 
fermentation because some extra was added in feed tank 1.
Since production of methane by anaerobic digestion 
results in essentially complete removal of potential 
pollutants in the wastes such as COD and total solids, 
vigorous primary aerobic treatment will no longer be 
necessary. Thus the agitators which were used for aeration 
of the aerobic ponds can be removed and the ponds covered 
for methane production. The design of a covered pond for 
methane production from meat packing wastes and its 
economics have been studied by Chittenden et al. (127). 
Their proposed design was shown to be economically feasible 
via the use of the methane produced as fuel for a boiler.
The methane pond is expected to contain a heavy sludge 
blanket which occupies about one-half of the total pond 
volume.
The optimum desired temperature in the pond is 37°C. 
Measurements made in a typical pond at the Bruce Food sweet 
potato canning plant in New Iberia, Louisiana, indicated 
that energy from solar radiation might not be sufficient to 
hold the pond temperature at the desired value, especially
4
during the winter. Hence excess hot water from the potato 
processing plant nearby may have to be pumped through pipes 
installed in the pond to control its temperature. The gas
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produced, which is expected to contain about 65-70% methane, 
is passed through a compressor in which the gas pressure is 
raised to about 70 psig. The gas leaving the compressor 
then enters a scrubbing tower which uses water to remove
most of the carbon dioxide. Moisture is removed next as the
gas is passed through a glycol drying tower. After leaving 
this tower the gas is expected to contain about 97% methane. 
It is then passed through a second compressor where its
pressure is raised to about 250 psig for storage. From the
storage tank it is piped into the plant where it is mixed 
with natural gas before the mixture is fed to the burners 
for energy generating purpose. The COj-rich water from the 
C02 scrubber can be used to grow water hyacinth or duckweeds 
in a lagoon. These aquatic plants can be sold for animal 
feed or even used for methane production. Liquid effluent 
from the methane pond requires further treatment before 
discharge.
A covered pond similar to the methane pond may be used 
for acid fermentation. Due to the shorter residence time 
required, the acid pond is expected to be much smaller than 
the other. The acid pond requires more thorough mixing. 
Internal partitions with small gates can be placed in the 
pond to direct the flow of the liquid to plug flow. This 
inexpensive design is expected to provide sufficient mixing.
Optimum operating conditions of the system described 
above strongly depend on the operation of a particular sweet 
potato processing plant and the characteristics of its
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wastes. For example, the Bruce Food plant in New Iberia 
operates eight hours/day and five days/week. Each week day 
250,000 gallons of 2W % wastes is generated continuously over 
eight hours. The gas produced from the wastes is used only
during this short period. All the gas produced after the
plant operation stops would have to be stored. The cost of 
gas storage is directly proportional to the quantity of gas 
to be stored. Thus, the methane-producing system would have 
to be operated in such a way that the gas produced during 
the period that the plant is not in operation would be 
minimized. It is not easy to predict the gas production in 
the methane pond since it is physically impossible to 
operate this large pond in a real fed-batch manner. It
would require at least two to four hours to feed it. In
addition, this pond and the acid pond would not be fed 
during weekends. Thus, steady-state operation of the 
overall system may never be reached. It is obvious that 
simulation of the system should be performed, both 
theoretically and experimentally. The constraints used in 
the simulation work would be based on the operating 
conditions and waste characteristics of some particular 
sweet potato processing plant in which the system is used. 
Because of these difficulties, an overall material balance 
and a general statement concerning the production of methane 
and single cell protein cannot be made.
Although the proposed scheme is technically feasible, 
an economic evaluation is still needed before it is used for
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treating the wastes from a particular sweet potato 
processing plant. It is obvious that a detailed design must 





1. Methane can be effectively produced by anaerobic
digestion of alkaline sweet potato wastes in sludge-blanket
fermenters.
2. To ensure stable operation and high performance, a 
sludge-blanket methane fermenter must be seeded with large 
quantities of methane-producing bacteria initially.
Fermenters having nearly one-half of their total volume 
filled with a sludge blanket of anaerobic cells were found 
to be highly effective.
3. Sludge-blanket volume in heavily seeded methane 
fermenters did not change with time. Fermenter
reinoculation did not seem to be necessary.
4. Methane formers aggregated to form particles having 
extremely high settling rates, making external cell recycle 
unnecessary.
5. In heavily seeded methane fermenters, vigorous mixing was 
induced by high rates of gas production for six to twelve 
hours after feeding. This effect diminished and eventually 
disappeared as the concentration of the feed was increased, 
probably due to substrate inhibition.
6. In heavily seeded single-stage methane fermenters it was 
observed that:
a) When the loading rate was increased, the fraction 
converted decreased and the methane production rate
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increased. A practical loading limit of 8 g COD/l-day was 
observed; beyond this limit the rate of methane production 
did not increase significantly. The corresponding rate of 
methane production was 1.5 1/1-day.
b) The maximum rate of methane production from all runs 
was 1.7 1/1-day.
c) The highest feed concentration used was 5W % (based 
on total solids) and the corresponding highest loading rate 
was 13 g COD/1-day. Although the conversion dropped to as 
low as 33.4%, fermenter failure was not observed.
d) The lowest residence time was two days, at which lw % 
feed was used and the conversion was still as high as 65.6%.
e) The removal of solubilized matter from the original 
waste did not affect methane production. The residual feed 
still contained enough nutrients to support methane 
fermentation.
f) Acid-forming cells were lysed by methane formers.
g) Acid production was both growth-associated and
non-growth-associated.
7. In the two-stage methane production system employing a 
heavily seeded methane fermenter and lw% feed it was
observed that:
a) The most effective way to separate methane formers 
from acid formers was to overload the acid fermenter. The 
resultant low pH killed all the methane-forming bacteria.
b) Fermentation in the acid fermenter was usually
incomplete due to a nutrient deficiency in the feed.
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c) About 5% of the total COD in the original feed was 
lost in the acid fermenter.
d) Negligible amounts of CO2 was produced in the acid 
fermenter. The result was that the percentage of methane in 
the gas produced in the methane fermenter was not 
significantly higher than that of the gas produced in a 
single-stage system.
e) At high residence times of 6.25 and eight days the 
two-stage and single-stage systems showed equal performance. 
At low residence times of two and four days the two-stage 
system achieved significantly higher conversions.
f) At the lowest residence time of two days the overall 
conversion was 76.2%.
g) Methane fermentation followed Contois' kinetic 
model. The kinetic constant YKc of the system was equal to
0.161.
h) The performance of the methane fermenter could be 
predicted by a mathematical model based on Contois' 
kinetics. The substrate concentration used in derivation of 
the model and prediction of fermenter performance was 
expressed as (g biodegradable COD/1).
i) The performance of a fed-batch and a continuous 
stirred methane fermenter was compared theoretically. It 
was shown that under the same operating conditions, the 
fed-batch fermenter would achieve higher conversions.
j) The composition of the gas produced in the methane
1
fermenter could be predicted from the acid distribution of
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the effluent from the acid fermenter.
8. In the two-stage system employing well-mixed methane 
fermenters and lw% feed the removal of acid-forming cells 
and undigested solids from the acid fermenter effluent 
caused a nutrient deficiency in the methane fermenters and 
subsequent failure of the methane fermentation.
9. In both single-stage and two-stage systems there was 
evidence that only about 81% of the total COD of the waste 
was biodegradable.
10. The following statements can be made about production 
of single cell protein in the acid formation step of 
anaerobic digestion using acid formers derived from ruminant 
fluid:
a) Single cell protein production showed great 
potential. At 37°C and all pH levels between 5.0 and 7.0, 
almost 100% conversion of 1% glucose in a simple salt media 
was obtained in a chemostat operated at a residence time of 
5.5 hours. The conversion was less at other temperatures.
b) The highest yield was obtained at pH 5.5 and 37°C. 
This yield was 0.088 g protein/g glucose consumed or 0.176 g 
cells/g glucose consumed.
c) When the feed concentration was higher than 2% the 
overall conversion decreased significantly. This indicated 
possible product inhibition.
d) The maximum rate of protein production was obtained 
when 2% feed was used. This rate was 0.273 g protein/l-hr.
e) Acetic and n-butyric acids were the predominant
229
acids produced. Propionic acid was produced in small 
quantities in most cases. Iso-butyric and higher acids were 
not detected.
£) The distribution of the organic acids produced 
remained fairly constant as the pH and the feed 
concentration were changed. However, as the temperature was 
increased from 25 to 45°C more acetic acid and less 
n-butyric acid were formed. The corresponding variations 
were from 21 to 52 mole percent for acetic acid and from 75 
to 22 mole percent for n-butyric acid.
g) Carbon dioxide and organic acids accounted for most 
of the converted carbon. Only about 13-23% of this carbon 
was incorporated into microbial cells.
7.2 Recommendations
1. Commercial scale production of methane and single 
cell protein from wastes generated in .potato processing 
plant is recommended. This practice should concentrate on 
obtaining the information required for making a decision on 
optimum operating conditions of the process which are 
tightly constrained by the operation of the main plant.
Thorough study should be performed in the following 
areas:
a. Minimum nutrient addition required for the growth of 
acid and methane formers when a given waste or a 
combined waste is used.
b. Characteristics of liquid flow and performance of 
simulated acid and methane ponds having different
230
geometries.
2. Potential production of n-butyric acid in the acid 
fermentation stage should be examined together with its 
recovery technique.
3. Single cell protein production using pure cultures 
should be examined. This study should be extended from the 
use of simple glucose substrate to complex and real 
substrates. The proteins produced should be fed to aquatic 
animals which are used for human foods and their growth 
examined.
4. The possibility of an integrated sylvicultural farm 
should be considered. Part of the land is used to grow 
biomass which will supply the energy required through a 
two-stage methane fermentation process. The remaining part 
of the land is used to grow crawfish or catfish using the 
proteins produced in the first stage of the process.
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The Relationship Between Monod's Equation 
and Contois' Equation
The Monod's equation for cell growth is
k = koS (Al-1)
K +S m
in which the half-velocity constant Km is independent of
the initial substrate concentration S^.
Contois observed that this kinetic constant actually
was related to by
K = b S. (Al-2)in 1
thus obtaining the equation for cell growth
k = V  (Al-3)
bSi+S
Contois considered the case where the cell growth 
yield coefficient was constant and the cell decay 
coefficient was small, thus
Y(Sa - S) = (X - Xi) (Al-4)
where X^ is the initial cell concentration.
Note that in a well-mixed continuous flow fermenter 
and X^ correspond to those in the feed.
It can be assumed that X^<<X, thus from equation 
(Al-4)
„ X + YS (Al-5)
i  Y




k 1 bxS 1+b „ (Al-6)
lc“X Y~ X “Jc“ o o
Contois observed that b<<lf thus
k * koS (Al-7)
(bX/Y) + S
The Contois' equation usually is written as
k = koS (Al-8)
KcX + S
where K = b/Y. c
Appendix 2
Design equations for a well-mixed continuous flow 
fermenter using the cell growth kinetic models of Monod
and Contois.
Q V Q
Sf, Sf s,x s,x
Figure A2.1. Schematic diagram of a well-mixed continuous 
flow fermenter without recycle.
The material balances for substrate and cells give
V = QSf - QS + rsV (A2-1)
V alf = QXf ■ QX + rxV (A2-2)
where rg = rate of substrate consumption
r = rate of cell production.A
a. Monod's Model.
r = koSX - k.X (A2-3)
5T+S dm
r_ = - koSX (A2-4)
s y(k +s) m
where is the cell decay constant and Y is the cell 
growth yield coefficient.
Assume: 1) The fermenter operates at steady-state
conditions 
2) Cell concentration in the feed is 
negligible 
The material balance equations become
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or in terms of residence time.
S^- S - k0sxe = oT?vsr (A2-7)
X + koSX6 - k.X 0 = 0 (A2-8)
Solving equation (A2-8) for 6 gives
6 1 (A2-9)[kos/(V s)|-kd
Since no microorganisms enter with the feed, there is 
a critical flow rate at which microorganisms are washed 
out of the fermenter faster than they are produced. Under 
washout conditions, the conversion of the substrate is 
zero. Setting S = S^ in equation (A2-9) gives the 
critical residence time at which washout occurs,
If the cell growth is in the logarithmic phase where 
the endogenous respiration is small, = 0. Usually 
Sf>>Km and the approximate expression of 6C which is used 
quite frequently is
For stable fermenter operation at 0>Gc equation 
(A2-8) can be rearranged to give the effluent substrate 
concentration
ec = iw<vsf”-kd1 (A2-10)
(A2-11)
245
S = (1+kde,Km (A2-12)
k 0- 1-k.e
O u
Equation (A2-12) can also be obtained by
rearrangement of equation (A2-7) by noting that
<Sf-S) = 1 (X-X-) + kdX0 (A2-13)r y r y
where X^ = 0 according to assumption (2).
b. Contois1 Model.
r = koSX - k,X {A2-14)
X K X+S c
r_ = - koSX (A2-15)
8 Y(K X+S)v
The cell balance equation is
- X + koSX6 “kdX6 = 0 (A2-16)
K X+S c
From this,
6 « KcX + S (A2-17)
k S-k,K X - k,S o d e  d
A t  e = fl ( S = S. and X = 0,C £ thus
6C ■ 1r W  <A2- 18'o d
Usually an<* the approximate expression for 0C is
6 = 1/k (A2-19)c o
The substrate balance equation is
S, - S - koSX6 = 0 (A2-20)
1 Y(K X+S)c
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From equation (A2-13), with Xf = 0,
(S. - S)Y
x  "  T T  k d e  < A 2 " 2 1 >
Substitution of this expression into equation (A2-20) and 
rearranging give
S = KcYSf (A2-22)
< W  6 + K c Y - 1
Appendix 3
Calculation of Initial Substrate Concentration 
in the Heavily Seeded Methane Fermenter of the 
Two-Stage System.
The COD of the feed to the acid fermenter was 9.2 g/1. 
The non-biodegradable fraction of the feed COD is 
9.20 (g/1 x (1-0.81) - 1.75 (g/1)
Sample Calculation; Methane fermenter residence time - 2 
days, run #8 (Table A-ll).
Total COD in the feed to the methane fermenter was 
8.72 (g/1).
The biodegradable fraction of this COD was 
8.72 (g/1) - 1.75 (g/1) = 6.97 (g/1).
The COD of the effluent from the methane fermenter was 
2.32 (g/1) (Table A-ll). Thus the biodegradable COD
remaining in the fermenter was
2.32 (g/1) - 1.75 (g/1) « 0.57 (g/1)
Before feeding, one-half of the fermenter was 
discharged. The other half was completely occupied by the 
sludge layer. Water displacement measurement indicated that 
26.4% of the volume of this layer was occupied by miocrobial 
solids and adsorbed liquid. Assume that the quantity of 
liquid adsorbed was negligible and choose a basis of 1-liter 
fermenter volume.
The COD remaining in the fermenter after discharge was 
0.57 (g/1) x 0.5 (1) x (1-0.26) * 0.21 (g)
The COD entering the fermenter in the feed was
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6.97 (g/1) x 0.5 (1) =
Therefore, the initial
of biodegradable COD was
3.49 (g) + 0.21 (g) 
lTTl
3.49 (g)
substrate concentration in terms 
3.70 (g/1)
Appendix 4
Prediction of the Composition of the Gas 
Produced in the Heavily Seeded Methane Fermenter 
of the Two-Stage System
Sample calculation: Fermenter residence time = 2 days
The acid distribution of the effluent from the acid 
fermenter is, (Table 5-7)
*acetic acid 2.17 g/1 
♦propionic acid 0.57 g/1 
♦butyric acid 0.84 g/1
Total volume of the feed to the methane fermenter was 
0.5 1. Thus the quantities of the volatile acids fed to 
this fermenter were
2' 5 -1' = °-018 ”ole aoetio aoid 
°'57749 (g/inole)5 1 = 0-004 mole propionic acid
°'84$8g (g’mSlei5 1 = °-0[’5 1,1016 butyric acid.
Complete conversion of these acids formed
0.018 (mole) + 0.004 mole x 7/4 + 0.005 mole x 5/2 = 0.037
mole CH. and 4
0.018 (mole) + 0.004 mole x 5/4 + 0.005 mole x 3/2 = 0.030 
mole HCO^
Total COD concentration of the content of the methane 
fermenter at the end of the one-day period, (i.e., just 
before feeding), was 2.43 g/1, (Table 5-8). Thus the
biodegradable COD concentration was
2.43 (g/1) - 1.75 (g/1) - 0.678 (g/1)
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Acetic, propionic, and butyric acids are completely 
oxidized according to the following reactions:
CHgCOOH + 2 02---+2C02 + 2H20
MW = 60 g
CH3CH2COOH + 7/2 02— *-3C02 + 3H20 
MW = 74 g
CH3CH2CH2COOH + 502— ► 4CO2 + 4H20 
MW = 88 g
Thus the COD equivalent of these acids are 
♦acetic acid:
2 %Q32 9 = 1.07 g COD/g acid
♦propionic acid:
<?/'"'74Xg32 ? = 1,51 9 C0D/9 acid 
♦butyric acid:
5~§8'3g ? = -1*82 9 C0D/5 acid
The total COD due to the already formed acids in the feed to 
the methane fermenter was
2.17 (g acetic acid/1) x 0.5 1 x 1.07 (g COD/g 
acetic acid)
+ 0.57 (g propionic acid/1) x 0.5 1 x 1.51 (g
COD/g propionic acid)
+ 0.84 (g butyric acid/1) x 0.5 1 x 1.82 (g COD/g
butyric acid)
« 2.35 g
The total biodegradable COD in the feed to the methane 
fermenter was
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6.97 (g/1) x 0.5 1 = 3.49 g
At the end of the one-day period the content of the 
methane fermenter was completely quiescent and consisted of 
two separate regions. The upper half (0.5 1) was
sludge-free liquid. The lower one (0.5 1) was the sludge
layer which had a voidage of 0.74. Thus the overall voidage
if the fermenter was well mixed would be 
1 - 0.5 x (1 - 0.74) = 0.87
Prior to feeding the methane fermenter, all the 
sludge-free liquid (0.5 1) was withdrawn. An equal volume 
of effluent from the acid fermenter was then fed to the 
methane fermenter. A material balance of the biodegradable 
COD gives
0.68 (g/1) x 1 1 x 0.87 = 0.68 (g/1) x 0.5 1 x 0.74 
(COD remaining in the (COD remaining in the
fermenter at the end of fermenter after it was
a one-day period) discharged the day before)
+ 3.49 g
(COD entered the 
fermenter the day before) 
- x
(loss of COD due to 
production of CH^ and C02 
during that one-day 
period)
From this,
x = 3.15 g
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It is assumed that all the preformed acids were
completely converted to methane in the methane fermenter. 
Thus the COD lost in this fermenter due to the conversion to 
methane of the fraction of the original substrate which was 
not converted to acids in the acid fermenter was 
3.15 g - 2.35 g «= 0.80 g
It is further assumed that this fraction of the
original substrate went directly through acetic acid to 
methane and carbon dioxide. Thus the acetic acid formed
(and then consumed) was
______________ 0.80 (g COD)_______________  _ n ni,
1.07 (g COD/g acid) x 60 (g ac'icl/mole acid)
and the final products were 0.013 mole CH^ and 0.013 mole
HCO~.
Therefore, the total CH^ and HCOj formed were 
0.037 mole + 0.013 mole » 0.050 mole CH^
and
0.030 mole + 0.013 mole = 0.043 mole HCOg.
All the methane formed was released to the gas phase. 
On the contrary, only a fraction of the HCO^ formed escaped 
as CO2 gas; the remaining stayed in the liquid as dissolved 
carbon dioxide and in ionized form, i.e., as HCOg ions.
The fraction of the newly formed HCO^ which stayed in 
the liquid as dissolved carbon dioxide was
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[CO2 (aq)j x 1 1 x 0.87 - [C02 (aq) ] x 0.5 1 x 0.74 
Total dissolved carbon Dissolved carbon dioxide
dioxide. remained in the fermenter
after discharge.
= [C02 (aq)] x 0.5 1.
Thus the fraction which was in ionized form was 
0.043 mole - [C02 (aq)] x 0.5 1 - C02 (g) = ( H C O ^  
where C02 (g) is the number of moles of carbon dioxide
escaped to the gas phase and [C02 (aq)] is the concentration 
of dissolved carbon dioxide at the end of the one-day 
period.
A material balance of the HCOg ions gives 
[HCO“] x 1 1 x 0.87 = (HC0~)i + [HCO"] x 0.5 1 x 0.74
Number of moles HCO^ 
ions remaining in the 
fermenter after 
discharge.
Where [HCO^] is concentration of the HCO^ ions at the end of 
the one-day period.
Thus,
[HCO“] = 2 (HCO"^
By Henry's law,
PC
[C02 (aq)] = -|j-
co2
C02 (g) x 1 atm 
(CO2 (g) + 0.050 mole) x H
Where H is Henry's constant for the C02~water system and has
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the unit of atm/(mole/1) and 1 atm is the total pressure.
The equilibrium constant K of the reaction
C02 (aq) + H20—  H+ + HCO“ 
is given by
[H+3 [HC0“]
K = [CO2 (aq)]
Since pH = 6.90, by definition,
[H+ ] = 10”6*90
Therefore,
Qn 0.5 1 x C05(g) x 1 atm
1° °-0425 - |co2 (g) +0.050 mole) x H ~ C02 ™
K co2 lq) x 1 atm
(C02(g) + 0.050 mole) x H
The values of K and H at various temperatures are given 
below.
Temperature K (124K H (123)
[•C] [(mole/1) ] [atm/(mole/1)]












Figures A4-1 and A4-2 show the variation of these 
constants with temperature.
At 37°C, K = 4.96 x 10-7 (mole/1)-* and,
H = 39.250 atm/(mole/1).












Figure A4-1. Variation of the Ionization Constant K of 
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Figure A4-2. Variation of Henry's Constant of System 
C02 - Water with Temperature.
given above using the values of K and H at 37°C gives
39.25 ya + 2.734 y - 0.825 = 0
The solution is
y = CO2 (g) = 0.023 mole.
Thus, the percentage of methane in the gas phase is
0.050 mole innst__ ea(0.050 mole + 0.023 mole) x 100% ~ 68
Appendix 5 
Analytical Procedures 
The procedures employed for the analyses of soluble 
carbohydrates, chemical oxygen demand, bacterial protein, 
bacterial cell dry-weight, and individual volatile fatty 
acids, are described in this appendix.
1. Soluble carboydrates
a. Dilute sample to about 50 mg/1 carbohydrate
b. To each test tube add 
*1.0 ml diluted sample 
*1.0 ml 6W % phenol solution
*5.0 ml concentrated reagent grade I^SO^. Allow the 
acid to drop directly into the solution, not along 
the side of the test tube. Immediately mix the 
content using a vortex mixer.
c. Allow the tube to stand for 10 minutes, then mix 
again.
d. Allow the tube to stand for another 20 minutes for 
full color development.
e. Read percent transmittance on the spectrometer 
(double-beam Beckman DB-G) at wavelength X = 489 nm.
f. For each sample, run a duplicate.
g. For each sample run, run duplicate blanks, using 1.0 
ml distilled water instead of 1.0 ml sample.
h. A calibration curve was prepared. Linear regression 
was used resulting in a straight line passing 
through the origin allowing the carbohydrate
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concentration of the original sample to be estimated 
as follows.
where DF is the dilution factor and A is absorbance. 
The calibration curve is shown in Figure A5-1.
2. Chemical oxygen demand (COD)
Since the samples contained insoluble solids the tips 
of all the pipettes used for COD analyses were cut off to 
allow these solid particles to enter the pipettes.
The procedure is as follows.
a. Use a "reamed-out" pipette to dilute sample to COD 
of 350-450 mg/1. Wash pipette out with distilled 
water from delivery end.
b. Using a 25 ml "reamed-out" pipette, deliver 20 ml of 
diluted sample into 500 ml flask with 14/20 neck 
containing glass beads.
c. Add 0.4 g HgSO^ to sample.
d. Measure 30 ml H2S04/Ag2S04 reagent in a graduated 
cylinder. Pipette 2 ml of reagent slowly into the 
sample, while swirling in an ice-water bath.
e. Pipette 10 ml of 0.25N K2Cr207 into sample. Rinse 
all K2Cr207 that may cling to ground glass joint of 
flask into sample with small amount of distilled 
water.
f. Attach flask to 12 inch reflux condenser and start 















Figure A5-1. Soluble carbohydrate calibration curve.
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reagent to sample through top of the condenser. 
Swirl flask throughout addition. Apply heat after 
thorough mixing. Cover top of the condenser with a 
small beaker and reflux for at least two hours.
g. Allow sample to cool then dilute with approximately 
equal volume of distilled water through top of 
condenser. Allow sample to cool further to room 
temperature.
h. Add three drops of ferroin indicator and titrate 
with 0.05N Fe(NH4)2(S04)2 solution. End point is 
reached when the solution turns from aqua to 
reddish-brown.
i. Fe(NH4)2(S04)2 solution must be standardized daily 
as follows.
Pipette 5 ml 0.25N K2Cr20^ into 500 ml flask, 
dilute with 50 ml distilled water, slowly add 15 ml 
concentrated H2S04, cool to room temperature, add
three drops of feroin indicator and titrate to end
point with Fe(NH4) j (S04) 2. The normality of the
Fe(NH4)j(S04)j solution is calculated by
N _ ________(5ml) (0.25N) _______
wFe(NH4)2(S04)2 ~ Volume Fe(NH4)2 (S©4)2 used
j. COD of the sample is calculated by 
(a-b)xNFe(NH * ,g0 j x (8000)
COD (mg/1)--------- 20 (ml saihpISJ---------x <dilution factor)
where a is volume of Fe (NH4) 2 (S04) 2 used in its
standardization and b is volume of this solution 
used for sample.
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The preparation of the indicator and reagents is 
described in Standard Methods (114).
3. Protein
a. Place about 20 g well-mixed samples in a centrifuge 
tube. Get exact weight of sample.
b. Add 15 drops of concentrated HjSO^; pH should then 
be about 1.5.
c. Centrifuge at 15,000 rpm for 20 minutes.
d. Decant supernatant. Pour in clean sample tube and 
store in freezer for volatile acid analysis.
e. Add 5 ml 1.0N HC1 to pellet in centrifuge tube. Mix 
thoroughly using vortex mixer. Centrifuge as above. 
Discard supernatant.
f. Add 6.0 ml (1.0N NaOH + 0.47 w % NaCl) to centrifuge 
tube. Place the tube in bath of boiling water for 
15 minutes to dissolve proteins. Cool in cold 
water.
g. Carefully remove supernatant with a pipette and 
transfer it to a clean test tube. Volume of clear 
supernatant transferred must be accurately measured. 
To avoid disturbing centrifuged solids at bottom of 
centrifuge tube not more than 4 ml of supernatant 
should be removed. In fact, volume of supernatant 
transferred is determined by necessary dilution. To 
test tube containing supernatant add (0.1 N NaOH +
0.47 w% NaCl) and 2.5% CuS04.5H20 solutions 
according to the table below:
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ml (Oj.lN NaOH ml 2.5% CuSO., 
Required ml of supernatant +0.47 %NaCL) 5H20 added 
dilution transferred added
6/4 4.0 2.0 2.0
6/3 3.0 3.0 2.0
6/2 2.0 4.0 2.0
6/1 1.0 5.0 2.0
h. Mix tube thoroughly, allow to stand for at least 10 
minutes.
i. Include a blank every time, using 6.0 ml (0.1N NaOH 
+ 0.47 w % NaCl), treat as sample. After being 
cooled, add 2.0 ml 2.5% CuSO^.SHgO directly to it, 
mix well, allow to stand for at least 10 minutes.
j. Centrifuge as above.
k. Carefully remove supernatant. Read percent 
transmittance on the spectrometer at X = 555 nm.
1. A calibration curve was prepared using bovin serum 
albumin (BSA) supplied by Sigma Chemical Company in 
Saint Louis, Missouri. The protein was sold as 5% 
BSA solution in 0.7W % NaCl buffer. The calibration 
curve is shown in Figure A5-2.





where A is absorbance.
4. Cell dry-weight
Total cell dry-weight was determined according to
















12.0 16.0 20.04.0 8.0
mg BSA in 8.0 ml assay
Ffgure A5-2. Protein calibration curve.
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Herbert et al. (116). The procedure is
a. Place well-mixed sample in centrifuge tube. Get 
exact sample weight.
b. Centrifuge at 5,000 rpm for 30 minutes. Remove 
supernatant.
c. Wash cells with 10 ml 0.015 M NaCl.
d. Centrifuge, discard supernatant
e. Dry cell pellet at 80°C overnight. Get weight of 
dry cell pellet.
5. Individual volatile fatty acids
Samples were pretreated before being injected into the 
gas chromatograph according to the procedure described 
below.
a. Place 10 ml sample in a centrifuge tube.
b. Add three drops of 85% H^PO^. The use of phosphoric 
acid to acidify the sample was recommended by others 
(128,129).
c. The tube was mixed well and allowed to stand for 30 
minutes.
d. The tube was then centrifuged at 15,000 rpm for 20 
minutes.
e. Centrifuged pellet was discarded and clear 
supernatant was filtered twice through 0.8 ym 
milipore filter.
f. Clear samples were stored in freezer until required 
for analysis.
Calibration curves were prepared using reagent grade
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acids. These curves are shown in Figure A5-3. Except for 












o acetic acid 
• propionic acid 












Figure A6-3. Volatile organic acid calibration curve.
Appendix 6 
Table A-l 























































Table A-2. Daily Operating Data for Single-Stage Methane
Production in Lightly Seeded Fermenter -
Residence Time = 4 Days. (Experiment 1)
Day Total Gas (1/d) % ch4 ch4 (1/d) pH
0 7.471 0.100 56.7 0.057 7.02 0.300 52.5 0.158 6.60
3 0.320 45.5 0.146 6.48
4 0.480 40.0 0.192 6.35
5 0.560 37.9 0.212 6.28
6 0.470 38.0 0.179 6.10
7 0.545 37.4 0.204 5.96
8 0.400 36.8 0.147 5.80
9 0.350 36.3 0.127 5.7010 0.570 34.6 0.197 5.7611 0.690 35.7 0.246 5.70
12 0.660 38.3 0.253 5.50
13. (1) 0.800 40.0 0.320 5.58
14 1.100 46.5 0.512 6.08
15 1.080 50.0 0.540 6.31
16 1.050 50.8 0.533 6.48
17 0.880 53.5 0.471 6.42
18 0.700 53.5 0.375 6.64
19 0.660 53.6 0.354 6.5920 0.650 47.7 0.310 6.25
21 0.950 40.7 0.387 6.05
22 0.995 37.7 0.375 5.94
23 1.000 38.6 0.386 5.77
24 1.010 37.5 0.379 5.66
25 0.990 35.1 0.347 5.56
26 0.760 39.3 0.299 5.61
27 0.670 41.5 0.278 5.62
28 0.570 44.1 0.251 5.75
29 0.500 45.6 0.228 5.94
30 0.570 46.5 0.265 5.97
31 0.560 47.3 0.265 6.10
32 0.540 48.6 0.262 6.08
33 0.560 48.7 0.273 6.06
34 0.520 48.7 0.253 6.03
35 0.530 47.0 0.249 6.00
36 0.560 46.5 0.260 6.05
37 (2) 0.570 45.7 0.261 6.01
38 0.480 44.4 0.213 6.06
39 0.540 42.7 0.231 6.26
40 0.510 42.9 0.219 6.26
41 0.540 42.0 0.227 6.25
42 0.510 41.9 0.214 5.95
43 0.650 41.6 0.270 5.90
44 0.545 41.8 0.228 5.92
45 0.610 41.9 0.256 5.96
46 0.600 42.1 0.253 6.07
47 0.570 42.2 0.241 6.08
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Table A-2. (cont'd.)
Day Total Gas (1/d) % CH. 4 CH4 (1/d) pH
48 0.660 42.1 0.278 6.07
49 0.610 41.6 0.254 6.01
50 0.570 42.9 0.245 5.90
Notes: (1) Mistakenly used concentrated feed of unknown
concentration.
(2) Started using 1.2 w% feed.
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Table A-3. Daily Operating Data for Single-Stage Methane
Production in Lightly Seeded Fermenter -
Residence Time = 8 Days (Experiment 2).
Day Total Gas (1/d) % ch4 CH4 (1/d) pH
0 7.471 0.080 60.2 0.048 7.29
2 0.340 55.9 0.190 7.03
3 0.410 56.1 0.230 6.92
4 0.600 53.5 0.320 7.09
5 0.680 54.8 0.378 7.02
6 0.620 55.6 0.344 7.00
7 0.770 56.9 0.437 7.068 0.810 56.5 0.458 6.90
9 0.730 58.4 0.426 6.9510 0.705 58.7 0.414 7.10
11 0.750 59.6 0.446 6.90
12 0.705 60.1 0.424 6.78
13 0.855 59.7 0.511 6.75
14 0.820 61.7 0.507 6.93
15 0.775 62.7 0.485 6.90
16 0.770 62.7 0.483 6.92
17 0.735 63.5 0.466 6.78
18 0.795 63.0 0.501 6.87
19 0.725 63.4 0.459 6.75
20 0.860 57.7 0.496 6.86
21 0.975 56.0 0.546 6.8022 1.010 55.4 0.559 7.05
23 1.010 57.0 0.575 6.76
24 1.035 57.1 0.589 6.74
25 1.050 55.9 0.587 6.73
26 0.910 58.6 0.533 6.94
27 0.890 61.0 0.542 6.84
28 0.850 63.9 0.543 6.95
29 0.750 65.8 0.492 7.05
30 0.725 66.4 0.482 7.20
31 0.735 67.3 0.495 7.20
32 0.725 67.4 0.489 7.17
33 0.730 67.5 0.493 7.02
34 0.640 68.0 0.435 7.24
35 0.650 67.8 0.441 7.42
36 0.610 67.7 0.412 7.30
37 (1) 0.585 67.3 0.393 7.45
38 0.610 66.2 0.404 7.50
39 0.590 64.3 0.378 7.39
40 0.630 63.5 0.400 7.80
41 0.630 63.3 0.399 7.38
42 0.580 63.2 0.366 7.10
43 0.725 63.6 0.462 7.08
44 0.605 62.9 0.381 7.20
45 0.595 62.9 0.374 7.10
46 0.625 62.7 0.391 7.15
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Table A-3. (cont'd.)
Day Total Gas (1/d) % ch4 ch4 (1/d) PH
47 0.625 63.0 0.393 7.10
48 0.635 62.5 0.397 7.07
49 0.625 62.5 0.390 7.48
50 0.590 64.9 0.383 7.20
Note: (1) Started using 1.2 w% feed. Table A.4. Daily
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Table A-4. Daily Operating Data for Single-Stage Methane
Production in Lightly Seeded Fermenter -
Residence Time = 10 Days. (Experiment 3)
Day Total Gas (1/d) % ch4 CH4 (1/d) PH
0 7.47
1 0.095 60.2 0.057 7.292 0.325 57.8 0.188 7.12
3 0.370 59.7 0.221 7.04
4 0.535 58.6 0.314 6.95
5 0.635 58.5 0.372 6.986 0.655 59.0 0.386 6.98
7 0.780 59.1 0.461 7.15
8 0.640 59.3 0.379 7.04
9 0.620 60.6 0.376 7.0610 0.660 59.8 0.395 7.15
11 0.680 60.0 0.408 7.0512 0.580 61.4 0.356 7.03
13 0.765 60.3 0.461 6.93
14 0.725 62.6 0.454 7.00
15 0.720 62.1 0.447 7.09
16 0.750 63.5 0.477 7.05
17 0.725 65.0 0.471 7.20
18 0.750 65.6 0.492 7.09
19 0.740 65.7 0.486 7.04
20 0.750 62.8 0.470 7.2721 0.790 61.4 0.485 7.32
22 0.785 62.0 0.470 7.56
23 0.750 62.4 0.468 7.10
24 0.735 62.8 0.462 7.04
25 0.720 62.9 0.453 7.21
26 0.680 64.5 0.439 7.26
27 0.760 64.8 0.492 7.00
28 0.625 66.1 0.413 7.35
29 0.710 67.0 0.476 7.27
30 0.670 . 66.8 0.448 7.22
31 0.710 65.6 0.466 7.25
32 0.670 67.4 0.452 7.36
33 0.700 67.5 0.473 7.20
34 0.720 67.3 0.485 7.20
35 0.740 67.1 0.497 7.35
36 0.710 67.5 0.479 7.35
37 (1) 0.710 67.9 0.482 7.63
38 0.720 67.8 0.488 8.34
39 0.750 67.5 0.506 7.69
40 0.800 67.7 0.542 7.45
41 0.800 68.4 0.547 7.60
42 0.760 67.5 0.513 7.32
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Table A-4. (cont'd.)
Day Total Gas (1/d) % ch4 CH4 (1/d) PH
43 0.840 68.4 0.575 7.25
44 0.820 67.9 0.557 7.30
45 0.870 68.3 0.594 7.32
46 0.820 68.2 0.559 7.96
47 0.840 68.0 0.571 7.95
48 0.820 69.2 0.567 7.66
49 0.810 68.8 0.557 8.03
50 0.800 69.7 0.558 7.33
Note: (1) Started using 1.2 w% feed.
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in Heavily Seeded Fermenter usi: 
(Experiment 4)
% CH4 CH4 (1/d) pH
0
1 0.620 61.1 0.379
7.20
6.862 0.500 61.8 0.309 6.82
3 0.520 71.4 0.371 6.90
4 0.470 70.4 0.331 6.90
5 0.460 72.0 0.331 6.936 0.460 68.6 0.316 6.94
7 0.480 72.1 0.346 6.928 0.440 72.8 0.320 6.91
9 0.540 68.7 0.371 6.80
10 0.500 71.1 0.356 6.8911 0.500 71.0 0.355 6.90
12 0.510 70.5 0.359 6.90
13 0.570 69.9 0.398 6.90
14 0.500 70.6 0.353 6.92
15 0.510 70.9 0.362 6.90
16 0.520 70.2 0.365 6.95
17 0.560 70.4 0.394 6.90
18 0.500 71.6 0.358 6.90
19 (1) 0.560 70.2 0.393 6.9020 0.640 69.7 0.446 6.9521 0.660 67.4 0.445 6.9322 0.700 70.0 0.490 6.90
23 0.700 68.8 0.482 6.87
24 0.640 68.3 0.437 6.90
25 0.650 68.3 0.444 6.90
26 0.690 67.5 0.466 6.90
27 (2) 0.650 67.4 0.438 6.90
28 0.900 65.9 0.593 6.85
29 (3) 0.940 64.4 0.605 6.80
30 (4)
31 0.920 67.0 0.617
6.856.86
32 0.960 64.7 0.621 6.87
33 0.980 63.8 0.626 6.82
34 0.980 63.3 0.620 6.90
35 0.980 63.6 0.623 6.81
36 0.990 63.1 0.625 6.84
37 1.000 62.8 0.628 6.80
38 0.980 62.4 0.612 6.85
39 1.080 61.9 0.669 6.90
40 (5)
41 {6)
42 1.540 66.0 1.017 6.90
43 1.620 65.1 1.055 6.90
44 1.740 64.0 1.113 6.90
45 1.800 63.4 1.141 6.90
46 1.900 63.2 1.200 6.80
47 1.940 64.5 1.251 6.85
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Table A-5. (cont'd.)
Day Total Gas (1/d) % CH4 CH4 (1/d) pH
48 1.830 64.2 1.175 6.90
49 1.920 63.8 1.225 6.82
50 1.845 65.0 1.181 6.95
51 1.790 64.2 1.150 6.81
52 1.830 64.5 1.180 6.75
Note: (1) Reduced residence time to 6.25 days
(2) Reduced residence time to 4 days
(3) Did not feed
(4) Resumed feeding
(5) Did not feed
(6) Resumed feeing; reduced residence time to 2 
days
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Table A-6. Daily Operating Data for Single-Stage Methane
Production in Heavily Seeded Fermenter Using
Concentrated Feed. (Experiment 5)
Day Total Gas (1/d) % ch4 CH4 (1/d) PH
0 7.15
1 0.510 61.5 0.315 6.95
2 0.525 62.2 0.325 6.85
3 0.570 62.8 0.356 6.62
4 (1) 0.585 65.2 0.382 6.78
5 0.630 64.2 0.405 6.656 0.670 63.5 0.425 6.72
7 0.745 61.1 0.456 6.258 (2) 0.735 64.5 0.475 6.18
9 0.970 61.2 0.593 6.3110 0.990 62.5 0.618 6.42
11 0.980 63.6 0.622 6.4812 0.990 64.6 0.638 6.72
13 0.980 62.5 0.612 6.65
14 0.970 61.5 0.598 6.22
15 (3) 1.000 62.6 0.625 6.51
16 1.635 64.5 1.053 6.99
17 1.740 64.7 1.126 6.95
18 1.740 64.9 1.130 6.97
19 1.740 65.3 1.135 7.0520 1.930 65.3 1.260 7.05
21 1.750 64.1 1.121 7.08
22 1.780 64.1 1.142 7.05
23 (4) 1.835 63.5 1.165 7.02
24 2.340 56.8 1.328 7.14
25 2.430 61.6 1.497 7.20
26 2.340 58.9 1.378 7.25
27 2.440 62.5 1.525 7.20
28 2.620 61.5 1.612 7.15
29 2.435 59.5 1.448 7.05
30 2.255 60.2 1.357 7.15
31 (5) 2.540 61.8 1.568 7.22
32 2.690 59.0 1.586 7.20
33 2.810 59.5 1.671 7.24
34 2.940 59.1 1.737 7.15
35 2.760 59.6 1.645 7.24
36 2.840 57.3 1.626 7.22
37 2.760 57.4 1.585 7.25
38 2.920 57.5 1.677 7.15
39 (6) 2.825 58.6 1.656 7.16
40 3.210 55.7 1.789 7.08
41 3.100 54.6 1.692 7.15
42 3.090 52.9 1.634 7.15
43 3.220 54.7 1.760 7.25
44 2.970 51.5 1.528 7.18
45 3.040 52.6 1.598 7.25
46 3.090 53.5 1.652 7.05
47 3.410 52.4 1.787 7.15
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Table A-6. (cont'd.)
Day Total Gas (1/d) % ch4 ch4 (1/d) PH
48 3.150 53.5 1.685 7.21
49 3.260 50.6 1.650 7.15
50 3.280 52.6 1.725 7.25
Notes: (1) Decreased 6 to 6.25 days
(2) Decreased 6 to 4 days
(3) Started usirvr 2% feed
(4) Started using 3% feed
(5) Started using 4% feed
(6) Started using 5% feed
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Table A-7. Daily Operating Data for Single-Stage Methane
Fermentation Using Concentrated Feed Having
Most of Its Soluble Matters Removed.
(Experiment 5A)
Day Total Gas (1/d) % ch4 ch4 (1/d) pH
0 6.95
1 1.940 60.1 1.166 6.802 2.200 56.4 1.240 6.80
3 2.420 61.1 1.478 6.85
4 2.560 59.0 1.512 6.94
5 2.400 62.3 1.495 6.976 2.610 60.2 1.572 6.97
7 2.350 60.7 1.427 6.98
8 2.460 62.1 1.527 6.82
9 2.610 62.2 1.622 7.00
10 — — - 7.1011 2.760 59.8 1.648 7.0912 2.610 59.4 1.549 7.10
13 2.740 60.0 1.645 7.15
14 2.680 56.5 1.515 7.05
15 2.880 58.0 1.670 7.05
16 (1)
17
18 (2) 1.520 59.4 0.901 7.12
19 1.580 60.9 0.962 7.1420 1.710 60.4 1.035 7.06
21 1.770 61.9 1.096 7.0922 1.910 62.4 1.190 7.06
23 1.900 62.2 1.180 7.08
24 1.640 61.1 1.000 7.01
25 1.720 61.6 1.060 7.00
26 1.920 61.2 1.112 6.98
27 1.700 61.5 1.045 7.01
28 1.820 62.0 1.129 6.98
29 1.620 61.9 1.000 7.05
30 1.750 62.1 1.087 6.85
31 1.820 61.5 1.119 6.65
32 1.910 60.6 1.157 6.95
33 1.880 62.6 1.177 6.85
34 1.820 61.8 1.125 7.05
35 1.920 60.6 1.164 7.10
36 1.870 61.7 1.154 7.08
37 1.900 62.8 1.193 7.05
38 1.820 63.1 1.148 7.05
39 1.770 62.2 1.101 7.10
40 1.820 60.8 1.107 7.15
Note; (1) Stopped feeding
(2) Resumed feeding using special feed
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acetic acid) Day pH
1 4.97 3.336 46 5.522 5.35 3.120 47 5.55
3 5.28 2.436 48 5.58
4 5.28 2.508 49 5.52
5 5.20 2.568 50 5.52
6 5.15 2.676 51 5.45
7 5.24 2.736 52 5.44
8 5.18 3.012 53 5.44
9 5.11 2.965 54 5.50
10 5.11 2.905 55 5.4411 5.08 3.200 56 5.39
12 5.24 2.904 57 5.46
13 5.19 3.156 58 5.47
14 5.31 2.592 59 5.45
15 5.20 3.010 60 5.45
16 5.25 2.790 61 5.45
17 5.22 2.988 62 5.50
18 5.26 3.240 63 5.46
19 5.11 2.892 64 5.16
20 5.16 2.832 65 -21 5.27 3.492 66 5.2522 5.31 3.480 67 5.22
23 5.02 3.631 68 5.26
24 5.04 3.516 69 5.24
25 3.22 2.892 70 5.28
26 5.23 3.636 71 5.25
27 5.18 4.238 72 5.25
28 5.21 3.857 73 5.28
29 5.25 3.625 74 5.20
30 5.65 2.808 75 5.23
31 5.55 2.918 76 -
32 5.44 3.025 77 -
33 5.41 3.160 78 5.17
34 5.35 3.125 79 5.16
35 5.21 3.252 80 5.20
36 5.30 3.108 81 5.20
37 5.20 3.255 82 5.20
38 5.50 2.943 83 5.22
39 5.50 2.856 84 5.25
40 5.30 3.120 85 -
41 4.95 - 86 5.25
42 5.35 - 87 5.25
43 5.44 3.082 88 5.25
44 5.40 - 89 5.30







































































































1 8.63 7.34 4.17 0.445 3.34 2.29 0.61 0.68 0.14
2 8.72 6.82 3.59
3 8.73 7.73 4.12 0.482 3.16 2.09 0.64 0.75 0.05
4 8.90 6.95 3.72
5 8.91 6.57 3.32 0.398 3.01 2.03 0.57 0.72 0.06
6 8.76 6.95 3.48
7 8.64 7.25 3.22 0.449 3.49 2.42 0.57 0.83 0.07
8 8.56 7.91 4.13
9 8.80 7.36 4.12
10 8.34 7.29 3.47 0.502 3.64 2.39 0.64 0.82 0.10
11 8.57 6.63 3.35
12 8.58 6.12 2.70 0.428 2.89 1.94 0.44 0.82 0.06
13 9.12 7.08 4.07
14 8.13 7.21 3.13
15 8.72 6.85 3.02 0.425 2.99 2.05 0.50 0.67 0.10
Ave­
rage 8.67 7.07 3.57 0.447 3.22 2.17 0.57 0.76 0.08
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Table A-10. Daily Operating Data of the Heavily Seeded 
Methane Fermenter in the Two-Stage System.
Day Total Gas % CH. CH. pH
(1/day) 4 (1/day)
1 0.530 70.6 0.374 7.15
2 0.660 67.2 0.444 7.14
3 0.760 65.5 0.492 7.15
4 0.880 67.5 0.594 7.21
5 0.880 68.1 0.600 7.206 0.820 67.5 0.554 7.21
7 0.940 64.6 0.608 7.158 0.840 66.9 0.556 7.18
9 0.920 66.7 0.614 7.16
10 0.840 66.2 0.556 7.12
11 0.900 67.7 0.610 7.08
12 0.850 67.0 0.570 7.09
13 0.900 64.5 0.582 7.10
14 1.180 66.0 0.780 7.10
15 0.920 67.2 0.618 7.20
16 0.880 68.0 0.598 7.10
17 1.320 73.6 0.972 7.18
18 0.820 68.1 0.558 7.14
19 1.030 70.5 0.726 7.12
20 1.000 71.0 0.710 7.14
21 1.060 70.4 0.746 6.86
22 1.060 72.3 0.766 6.94
23 0.940 71.4 0.672 7.00
24 1.000 74.4 0.744 7.01
25 1.040 71.6 0.746 7.05
26 1.050 71.6 0.752 7.03
27 1.020 72.7 0.742 7.16
28 0.900 72.8 0.656 7.06
29 (1) 0.850 72.2 0.614 7.05
30 1.340 72.0 0.966 7.09
31 1.250 71.7 0.896 6.95
32 1.260 72.8 0.918 7.00
33 (2)
34 (3)
35 1.200 76.4 0.918 7.00
36 1.080 76.2 0.824 6.99
37 6.99
38 1.160 73.1 0.848 7.10
39 1.260 72.1 0.908 6.95
40 (4) 1.260 72.7 0.916 6.93
41 1.860 71.9 1.336 6.95
42 1.860 72.0 1.342 6.96
43 2.130 68.7 1.460 7.00
44 1.780 74.2 1.324 .. 7.00
45 2.070 72.5 1.502 7.03
46 1.940 68.7 1.332 6.97
47 2.010 68.5 1.374 6.96
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Table A-10 (cont'd.) ■
Day Total Gas % CH. CH. pH
(1/day) 4 (1/day)
48 7.00
49 2.020 68.4 1.386 7.00
50 1.790 69.0 1.234 7.00
51 1.840 68.5 1.260 6.96
52 2.000 67.0 1.336 7.00
53 2.030 67.4 1.366 6.85
54 (2)
55 (3) 6.87
56 1.780 70.7 1.262 6.90
57 (5)
58 2.020 66.9 1.348 6.86
59 1.580 67.9 1.076 6.90
60 2.100 67.2 1.414 6.85
61 1.970 68.6 1.350 6.90
62 2.070 , 67.3 1.392 6.84
63 (6) 1.980 68.0 1.346 6.95
64 1.620 72.9 1.181 6.83
65 1.820 70.3 1.281 6.89
66 1.710 69.6 1.189 6.85
67 1.955 71.3 1.394 6.86
68 1.995 69.8 1.392 6.86
69 1.890 68.1 1.285 6.93
70 1.900 69.4 1.319 6.93
71 2.055 72.8 1.495 6.86
72 1.920 72.1 1.383 6.96
73 1.940 69.7 1.353 6.92
74 1.790 72.4 1.295 6.95
75 2.065 72.5 1.497 6.96
Notes: (1) changed 6 to 6.25 days
(2) did not feed/discharge
(3) resumed feeding
(4) changed 0 to 4 days
(5) had leaking problem
(6) changed 0 to 2 days, reduced fermenter volume 
to 1 liter.
Table A-11. Production of Methane and Carbon Dioxide
between Two Feedings in the Heavily Seeded 




V = 2 1 
6 = 8  days
Run 2 
V = 2 1 
6 = 8  days
Run 























0 0 0 0 0 0 0 0 0
0.5
1 64 35 63 34 92 58 94 61
1.5
2 137 92 131 86 183 127 189 130
3 210 150 208 136 268 191 265 205
4 275 194 266 188 366 234 368 244
5 341 233 344 210 460 270 453 286
6 403 257 408 249 528 301 522 318
7 443 277 440 268 602 318 576 344
8 470 280 473 275
9 688 332
10 503 286
24 725 294 746 288 908 377 917 367
G4-1 Oojj0) o-*
+> 3  >i 
m * u  id H 0*0
0.82 0.82 1.08 1.07■o•H a>H
•H 3c j3H  -PSiE
COD- 8.73 8.91 8.76 8.64
(g/f)





Time Run 5 Run 6 Run 7 Run 8
(hours) V = 2 1 V = 2 1 V = 2 1 V = 2 1













0 0 0 0 0 0 0 0 0
0.5 60 58 63 60
1 119 93 122 91 142 128 140 131
1.5 223 216 225 195
2 229 209 220 198 303 296 312 265
3 375 306 374 316 452 398 448 382
4 500 358 505 347
5 620 421 624 402 690 539 721 566





24 1260 666 1363 658 1295 569 1353 595
G 0 0 -H 4J a) o •p Gid >0M 0 idUl-lH 04 id•H <U •P 0 •H id 




1.49 1.49 3.43 3.52
COD-
(g/I)
8.34 8.57 8.13 8.72
C0Deff(g/Sf
1.76 1.81 2.54 2.32
Note: COD^ = substrate concentration in feed, gCOD/1
COD = substrate concentration in effluent taken 
out before feeding, gCOD/1.
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Table A-12. Daily Operating Data of Well-Mixed Methane
Fermenter Using Solid-Free Effluent From Acid 
Fermenter - Residence Time *= 4 Days.
Original Feed: 1 % Alkaline Sweet Potato
Wastes.
Day Total Gas % CH. CH. pH
(1/day) 4 (1/day)
0 7.10
1 0.400 73.9 0.298 7.00
2 0.520 73.0 0.378 7.04
3 0.425 71.0 0.302 7.02
4 0.415 70.4 0.292 6.90
5 0.390 70.3 0.275 6.82
6 0.330 68.7 0.228 6.71
7 0.305 66.7 0.205 6.63
8 0.295 66.7 0.197 6.54
9 0.320 65.2 0.207 6.45
10 0.280 63.9 0.179 6.40
11 0.280 62.6 0.176 6.28
12 0.275 60.1 0.166 6.21
13 0.245 62.0 0.151 6.19
14 0.220 60.9 0.135 6.12
15 0.225 61.5 0.139 6.24
16 0.220 59.7 0.133 6.02
17 0.210 59.1 0.124 5.93
18 0.165 60.0 0.099 5.84
19 0.075 60.6 0.045 5.60
20 0.100 60.9 0.062
21 0.065 64.5 0.043 5.74
22 0.105 64.6 0.067 5.70
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Table A-13. Daily Operating Data of Well-Mixed Methane
Fermenter Using Solid-Free Effluent From Acid 
Fermenter - Residence Time = 6.25 Days. 
Original Feed * lw% Alkaline Sweet Potato 
Wastes.
Day Total Gas % CH. CH. pH
(1/day) 4 (1/day)
0 7.101 0.410 72.0 0.295 7.102 3.435 73.2 0.319 * 7.09
3 0.380 73.9 0.281 7.08
4 0.360 73.3 0.264 7.09
5 — 72.1 — 6.986 0.330 71.5 0.238 6.90
7 0.315 70.8 0.224 6.908 0.305 70.6 0.215 6.90
9 0.310 68.9 0.216 6.81
10 0.300 67.2 0.200 6.8011 0.280 67.2 0.188 6.71
12 0.280 67.0 0.187 6.69
13 0.245 67.6 0.165 6.69
14 0.245 62.4 0.152 6.77
15 0.200 65.8 0.132 6.64
16 0.250 65.5 0.164 6.72
17 0.230 64.6 0.149 6.53
18 0.240 65.2 0.157 6.62
19 0.210 63.7 0.134 6.5020 0.185 63.2 0.117 6.71
21 0.185 62.1 0.116 6.4022 0.175 62.7 0.110 6.37
23 0.170 67.2 0.115 6.49
24 0.200 65.2 0.130 6.45
25 — - - ‘ 6.30
26 0.200 62.0 0.122 6.33
27 0.190 61.5 0.118 6.39
28 0.195 59.5 0.117 6.32
29 0.175 60.6 0.106 6.30
30 0.155 61.5 0.096 6.29
31 0.150 62.5 0.093 6.24
32 0.130 65.1 0.086 6.24
33 0.125 66.1 0.084 6.18
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Table A-14. Daily Operating Data of Well-Mixed Methane
Fermenter Using Solid-Free Effluent From Acid 
Fermenter - Residence Time = 8 Days.
Original Feed = 1 % Alkaline Sweet Potato 
Wastes.
Day Total Gas % CH. CH. PH(1/day) 4 (1/day)
0 7.101 0.400 70.9 0.285 6.95
2 0.505 73.8 0.371 7.02
3 0.320 76.3 0.244 7.06
4 0.290 75.1 0.220 7.08
5 0.300 74.7 0.222 6.986 0.275 75.4 0.207 6.96
7 0.255 73.0 0.187 6.968 0.235 73.1 0.173 6.94
9 0.270 72.6 0.195 6.90
10 0.215 69.5 0.150 6.86
11 0.170 64.3 0.109 6.8412 0.175 69.0 0.121 6.80
13 0.205 60.6 0.125 6.80
14 0.095 64.0 0.061 6.70
15 0.035 65.0 0.022 6.70
16 0.040 60.9 0.024 7.25
17 0.100 58.2 0.058 6.83
18 0.080 61.6 0.050 -
19 0.090 69.5 0.062 6.52
20 0.090 67.8 0.059 -21 0.070 73.1 0.050 6.57
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Table A-15. Daily Operating Data of Well-Mixed Methane
Fermenter Using Solid-Free Effluent From Acid 
Fermenter - Residence Time = 1 0  Days.
Original Feed = 1 % Alkaline Sweet Potato 
Wastes.
Day Total Gas % CH. CH. PH
(1/day) 4 (1/day)
0 7.10
1 0.390 74.2 0.288 7.052 0.350 78.3 0.274 7.09
3 0.280 77.2 0.218 7.12
4 0.270 77.8 0.211 7.10
5 0.235 78.0 0.182 7.056 0.215 79.2 0.171 7.01
7 0.200 77.3 0.156 7.05
8 0.190 79.2 0.149 7.01
9 0.190 73.5 0.138 7.0010 0.180 77.1 0.141 7.02
11 0.170 77.7 0.133 6.92
12 0.150 78.3 0.118 6.90
13 0.145 77.3 0.114 6.91
14 0.135 77.0 0.105 6.84
15 0.160 76.5 0.125 6.84
16 0.130 77.6 0.100 6.85
17 0.160 75.4 0.119 6.36
18 0.150 75.4 0.114 6.82
19 0.125 75.0 0.095 6,74
20 0.150 74.3 0.113 6.8621 0.150 72.8 0.108 6.74
22 0.140 73.7 0.105 6.71
23 - 79.6 - 6.79
24 0.130 75.7 0.097 6.70
25 - 73.6 - 6.55
26 0.125 73.9 0.094 6.67
27 0.140 73.3 0.102 6.64
28 0.155 72.2 0.111 -
29 0.135 73.3 0.098 6.74
30 0.130 74.0 0.097 6.72
31 0.145 74.6 0.109 6.68
32 0.135 76.3 0.103 6.72
33 0.145 75.9 0.111 6.70
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Table A-16. Dally Operating Data of Well-Mixed Methane
Fermenter Using Untreated Effluent From Acid 
Fermenter - Original Feed = 1 % Alkaline 
Sweet Potato Wastes.
Day Total Gas % CH. CH. pH
(1/day) 4 (1/day)
0 7.241 0.180 73.0 0.132 7.142 0.290 66.4 0.194 7.12
3 0.365 68.0 0.248 7.10
4 0.405 69.6 0.281 7.14
5 0.290 70.1 0.202 7.14
6 0.330 69.3 0.231 7.16
7 0.330 70.2 0.230 7.148 0.335 69.6 0.234 7.14
9 0.330 69.2 0.228 7.10
10 0.355 68.8 0.243 7.10
11 0.325 69.8 0.228 7.10
12 0.290 69.7 0.203 7.11
13 0.295 69.4 0.204 7.12
14 0.290 69.0 0.201 7.10
15 0.305 68.4 0.208 7.12
16 0.310 68.7 0.215 7.11
17 0.315 68.4 0.214 7.09
18 0.320 69.3 0.221 7.10
19 0.335 69.6 0.232 7.10
20 0.335 68.8 0.231 7.11
21 0.335 68.1 0.229 6.8322 0.330 69.6 0.229 6.89
23 0.335 68.5 0.229 6.89
24 0.330 70.7 0.232 6.94
25 0.340 69.0 0.234 6.92
26 0.300 68.9 0.209 6.93
27 0.310 68.4 0.212 7.01
28 0.295 66.8 0.197 7.04
29 (1) 0.360 69.4 0.251 7.00
30 0.380 69.2 0.262 6.94
31 0.455 67.2 0.306 6.85
32 0.440 68.2 0.300 6.89
33 - - - -
34 - - - —
35 0.360 71.8 0.259 6.88
36 0.375 70.9 0.267 6.89
37 0.360 70.7 0.254 6.88
38 0.390 69.5 0.270 6.90
39 0.380 70.1 0.266 6.86
40 0.400 68.1 0.272 6.86
41 0.390 66.2 0.258 6.82
42 0.390 67.4 0.263 6.85
Note: (1) Changed residence time to 8 days.
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